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Geochemistry of the Tatara-San Pedro continental arc volcanic complex 
and implications for magmatism in the Chilean Southern Volcanic Zone 
Jason Jweda 
Reconnaissance work and high-density sampling of volcanic rocks at the Quaternary 
Tatara-San Pedro complex (TSPC) in the Southern Volcanic Zone (SVZ) of Chile has yielded 
one of the most complete eruptive chrono-stratigraphies and comprehensive geochemical 
datasets of any arc volcano on Earth. The TSPC is a large frontal arc stratovolcano within the 
SVZ that exhibits a wide compositional diversity of lavas from basalt to rhyolite, covering most 
of the ranges in major and trace element contents across the SVZ. The TSPC occupies a pivotal 
position within the SVZ, where it is “intermediate” in terms of geophysical and geochemical 
characteristics between northern and southern SVZ volcanoes. The large TSPC dataset and 
stratigraphic control provides a unique opportunity to elucidate magma source heterogeneity and 
to distinguish between contributions from upper mantle, subducted slab, and crust in a volcanic 
complex overlying relatively thick continental crust. Furthermore, the results of this investigation 
provide important constraints about the role of various recycled materials in generating the SVZ 
mantle and implications for along-arc magmatism and geochemical variability. 
TSPC magmas least impacted by crustal contamination (evolved lavas are filtered out on 
the basis of > 56 wt.% SiO2 and Rb/Y >1.75) have compositions bounded by three chemically 
and isotopically distinct mantle-derived end-members. The ‘prevalent TSPC mantle’ end-
member, which includes the largest number of analyzed lavas, is interpreted to represent melts of 
the upper mantle below the TSPC, which has been modified by long-term subduction. A second 
 
 
end-member shows extreme depletions in incompatible high field strength elements (HFSE) and 
the lowest concentrations of fluid-immobile incompatible elements, but has the highest aqueous 
fluid-mobile/immobile element ratios at the volcano (e.g., Sr/Nd and Pb/Ce). The source of these 
‘low HFSE’ magmas is ‘prevalent TSPC mantle’ that experienced previous melt extraction, 
followed by more recent melting due to infiltration of solute-rich fluid from the subducting 
basaltic Nazca oceanic crust. A third end-member is enriched in incompatible elements and has 
the lowest Nd-Hf and highest Sr isotope ratios. This ‘TE enriched’ end-member has common 
chemical characteristics with behind-the-arc basalts, indicating derivation from trace element-
enriched behind-the-arc South American mantle that has been advected trenchward into the 
convecting mantle wedge.  
Determining the composition and relative input of slab-derived components to the SVZ 
mantle wedge has remained elusive for the last 2+ decades because of inadequate datasets and 
the controversial role of crustal contamination within the thick Andean continental crust. The 
‘prevalent TSPC mantle’ magmas, which best represent melts of the subduction-modified mantle 
wedge composition beneath the TSPC, provide important constraints on both the composition of 
the “pre-subduction” mantle and geochemical modifications by way of subduction. Mass-balance 
modeling suggests that the source of ‘prevalent TSPC mantle’ magmas has been generated by a 
two-stage, three component mixing process. Isotopic and trace element evidence indicate that 
~7-11% bulk subducted Chilean trench sediment has been added to an ‘E-MORB-like’ pre-
subduction mantle composition. This mantle mixture is further infiltrated by ~4% solute-rich 
fluid derived from the subducted Nazca basaltic oceanic crust. Trace element patterns of end-
member ‘prevalent TSPC mantle’ magmas are best fit by a two-stage partial melting model 
whereby the residual mantle, after a small degree melt extraction (F = 0.1%), undergoes F = 22% 
 
 
partial melting. The high melt fraction appears to potentially correspond with large volumes of 
solute-rich fluid released from the subducted Mocha Fracture Zone (MFZ).  
Although geochemical attributes of mafic TSPC magmas suggest that they are all derived 
from the same general mantle framework operating below the complex, one lava sequence 
appears to deviate. The mantle origins of the Upper Placeta San Pedro Sequence (UPSPS) have 
remained elusive since first being studied. It is a well-characterized basaltic lava series that 
erupted over a short interval at ~235-240 ka with highly variable incompatible element 
abundances and a large xenocrystic cargo. The new comprehensive chemical and radiogenic 
isotope (Sr-Nd-Pb-Hf) dataset, along with stratigraphic control and understanding of the larger-
scale geochemical variability at the TSPC, provides fresh perspectives about the mantle sources 
and evolution of UPSPS magmas. While the UPSPS magmas are derived from the same sources 
as other TSPC magmas, they have undergone a unique petrogenetic evolution. This is evident 
from decoupled trace element-isotopic trends that are difficult to reconcile with other mafic 
TSPC magmas. Based on the Nd-Hf isotope ratios and trace element ratios, the two UPSPS unit 
magmas are derived from depleted-‘TE enriched’ and ‘prevalent TSPC mantle’ sources. High 
ratios of aqueous fluid-mobile/immobile elements, such as high Pb/Ce and Sr/Nd, as well 
distinctive Sr and Pb isotope ratios, indicate that the UPSPS magmas were generated through 
fluxing of the mantle wedge, already depleted by melt removal, by an solute-rich fluid derived 
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Chapter 1 
Introduction to the subduction factory and volcanism 
in southern Chile 
1.1. Subduction Zones 
1.1.1. Importance and current paradigm 
Subduction zones are particularly interesting and complex geologic regimes, occurring 
along arc shaped convergent plate margins that continue uninterrupted in some cases for 
thousands of kilometers and cover a cumulative global length of ~55,000 km (e.g., Lallemand et 
al., 2005). Subduction zones play a key role in plate tectonics and are thought to facilitate 
continental crust nucleation and growth through magmatic addition and terrain accretion (e.g., 
Kelemen 1995; Plank 2005; Tatsumi 2005). They are also the major avenues by which the 
mantle is refertilized, and terrestrial materials (including H2O and CO2) are transmitted to the 
deep mantle (Hofmann 1997; Hirschmann 2006; Dasgupta and Hirschmann 2010). In addition to 
continental growth and mantle refertilization, subduction zones are associated with powerful 
earthquakes (e.g., the 1960 Chile earthquake) and violent volcanic eruptions (e.g., the 1991 Mt. 
Pinatubo eruption) that often occur suddenly and cause widespread destruction (e.g., Stern 2002). 
Massive tsunamis (e.g., the 2011 Tohoku tsunami) and lahar flows (e.g., 1985 Nevado del Ruiz 
eruption and lahars) are dangerous secondary hazards caused by subduction zone earthquakes 
and volcanic eruptions. In contrast to these detrimental affects on society, subduction zones 
provide many of the ore deposits utilized by modern civilization. Subduction zones have 
garnered significant research interest in recent decades because of their impacts on human 
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society, but they remain notoriously difficult to understand because of the preponderance of 
geological complexities associated with them. 
A subduction zone can be conceptualized as an industrial factory where raw materials are 
continuously pumped along an assembly line into a geologic processing center (Tatsumi 2005). 
Constituents of the subduction factory include the incoming plate, subducted slab, mantle wedge, 
and arc-trench complex (Fig 1.1). The incoming plate consists of oceanic basalt (sometimes 
altered by hydrothermal processes), terrigenous and pelagic sediments derived from ocean 
sedimentation, and the uppermost lithospheric mantle. The incoming plate enters the subduction 
zone at an oceanic trench where it descends into the mantle. The mantle wedge receives and 
processes material from the incoming plate. Arc magmas are the manufactured products of this 
factory and represent a complex set of melting, mixing, and fractionation processes that may 
ultimately constitute the growth of continental crust through intrusive and extrusive magmatism 
at the arc front (Tatsumi 2005). Waste products emitted by the subduction factory and returned to 
the deep mantle include the chemically modified slab (subducted slab is often referred to simply 
as the slab) and delaminated mafic crust. 
Although there is no direct method to study the internal workings of a subduction factory, 
delineating geochemical signatures in arc magmas provides a robust opportunity to understand 
the sources and processes operating at subduction zones. Arc magmas are derived from a variety 
of lithologically and geochemically heterogeneous sources, and are the products of a complex set 
of igneous processes in the subduction factory. Contributions from these sources such as 
subducted sediment and downgoing oceanic crust, which play significant roles in modifying the 
composition of the subarc mantle wedge through slab dehydration or melting, leave indelible 
fingerprints on arc magmas (e.g., Kay 1978; Kay et al., 1978; Gill 1981; Hickey et al., 1986; 
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Tera et al., 1986; Hawkesworth et al., 1991; McCulloch and Gamble 1991; Plank and Langmuir 
1993; Miller et al., 1994; Elliott et al., 1997; Class et al., 2000; Elliott 2003; Kelemen et al., 
2003a; Jicha et al., 2004). By identifying these fingerprints, the sources and processes by which 
geochemical signatures are transmitted to the mantle wedge and imparted on arc magmas can be 
elucidated. This information is ultimately essential for the understanding of continental growth 
and refertilization of the mantle via crustal recycling (e.g., Plank 2005; Chauvel et al., 2009). 
Generic subduction models based on trace element and isotopic observations suggest that 
arc magmas are derived from a mantle wedge source infiltrated by multiple components. The 
current subduction factory paradigm posits that melts of variably subduction-modified mantle are 
most likely triggered by addition of slab fluids (sediment melts and/or hydrous fluids) derived 
from the downgoing plate (e.g., Gill 1981; Plank and Langmuir 1988; Hawkesworth et al., 1991). 
Subduction processes introduce several possible components to the mantle wedge including: 
melts of the subducted oceanic crust (Kay 1978; Defant and Drummond 1990; Yogodzinski and 
Kelemen 1998; Kelemen et al., 2003c); subducted sediment either in bulk, melts, or fluids (Kay 
et al., 1978; McCulloch and Perfit 1981; Tera et al., 1986; Plank and Langmuir 1993; Elliott et 
al., 1997; Plank and Langmuir 1998; Class et al., 2000; Plank 2005); fluids derived from the 
subducted oceanic crust (Tatsumi et al., 1986; McCulloch and Gamble 1991; Miller et al., 1994; 
Stolper and Newman 1994; Bouvier et al., 2008); continental lithosphere from subduction 
erosion (e.g., Stern 1991a; von Huene and Scholl 1991; Kay et al., 2005; Stern 2011); and sub-
continental lithospheric mantle or OIB-type mantle unrelated to the subduction regime but 
transported into the mantle wedge by convective processes (Morris and Hart 1983; Pearce 1983; 
Pearce and Peate 1995). Additionally, mantle derived melts must ascend through thick crust at 
continental arcs where ample opportunities exist for melts to be modified by open system 
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processes (e.g., Davidson et al., 1987; Hildreth and Moorbath 1988; Dungan et al., 2001; 
Handley et al., 2008; Reubi et al., 2011). These processes, including crustal contamination and 
crystal fractionation, may disguise mantle and slab-derived signatures in primary melts by 
overprinting arc magmas with continental crustal signals. Deciphering the mantle-derived 
sources and processes by which arc magmas evolve are formidable challenges at many arc 
volcanoes, especially those overlying thick (> 35 km) continental crust where open-system 
processes are often shown to modify magma compositions. 
1.1.2. Structure of subduction zones 
Subduction zones play an integral role in plate tectonics and are the locations at which 
relatively colder, denser and rheologically stronger oceanic lithospheric plate is recycled at an 
oceanic trench into the relatively hot and weak asthenospheric mantle either below oceanic 
(Mariana-style) or continental (Andean-style) lithosphere (e.g., Uyeda and Kanamori 1979; Stern 
2002). As oceanic lithosphere moves away from a mid-ocean ridge, it cools, contracts, and 
thickens as a function of age. Eventually the oceanic plate becomes denser than the mantle below 
and begins to sink due to the negative buoyancy of the colder, denser lithosphere. Sinking of the 
lithosphere at a subduction zone induces a body force that pulls the rest of the lithosphere toward 
the trench, providing a significant driving force for oceanic spreading and a positive feedback 
mechanism for continued subduction (Forsyth and Uyeda 1975; Davis and Richards 1992). 
Subduction of the cold upper boundary layer (i.e., the subducted slab) results in relatively cool 
tectonic regimes, evident from low heat fluxes in the forearc (the area between oceanic trench 
and the magmatic arc) and the presence of low temperature, high pressure metamorphic rocks 
(e.g., blueschists and eclogites) preserved at ancient subduction zone sites (e.g., Peacock 1992; 
Hyndman and Wang 1995).  
 




















Figure 1.1: A schematic illustration of a subduction zone with a 30° slab dip. The subducted 
plate includes the upper oceanic mantle lithosphere (green field), the altered basaltic oceanic 
crust (gray bar), and subducted sediments (yellow strip). Black lines represent calculated 
isotherms from the melting model of Grove et al. (2009) and the red shaded area designates the 
mantle region predicted to melt under hydrous conditions. Blue arrows denote the release of 
fluids into the overlying mantle wedge, triggering mantle melting. The upper tan hatched area 
represents the overriding plate upon which the magmatic arc is built. Figure modified from 
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As the slab descends into the mantle, the slab is seismically coupled to the overriding 
lithospheric plate at shallow depths of ~35-55 km (Kanamori 1971; Ruff and Kanamori 1983; 
Pacheco et al., 1993). Because of the cool slab temperatures and seismic coupling, most great 
subduction-related earthquakes are produced in the resulting seismogenic zone (~35-55 km) 
(Pacheco and Sykes 1992). Although high rates of shear heating must occur within the 
seismogenic zone, the thermal structure of the shallow subduction system is primarily controlled 
by the cold slab temperatures (Peacock 1996; Peacock 2003). Below depths of ~55 km, heat 
conduction from the overlying convecting mantle wedge warms the subducted slab, and the 
seismogenic zone disappears (Ruff and Tichelaar 1996; Stern 2002). The subduction process 
often continues to transport subducted slabs, identified as high velocity ‘blobs’ in seismic 
tomography analyses, downward to depths either near the 660 km discontinuity or sometimes to 
near the core-mantle boundary (Zhao et al., 1994; Grand et al., 1997).   
Subducted slabs undergo a progressive series of sub-solidus reactions as they descend 
into the mantle. Basalts of the subducted oceanic crust metamorphose to blueschist, amphibolite, 
and then eclogite under increasing pressures (primary controlling variable) and temperatures 
within the subduction regime (e.g., Peacock 1996; Stern 2002). In addition to the sub-solidus 
metamorphic reactions, hydrous minerals in the altered crust breakdown (dehydrate) during slab 
descent. Initial squeezing in the shallow subduction system (< 10 km depth) releases sediment 
pore fluids via compaction (Moore and Vrolijk 1992), whereas deeper dehydration reactions 
release structural water from hydrated basaltic and gabbroic rocks of the oceanic crust. Although 
amphibole was once thought to be the primary host of water in the mantle (Wyllie 1982; Davies 
and Stevenson 1992), recent experiments have shown that amphibole is only stable to ~2 GPa 
(e.g., Grove et al., 2006). The corresponding depth (~70 km) of amphibole stability is too 
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shallow to deliver water to the mantle melting regions of subduction zones. Chlorite and 
serpentine, which can contain significant quantities of water (up to ~13 wt.%) and are stable to at 
least ~3.6 GPa (or > 100 km), are probably the primary mineral phases that are responsible for 
transporting water to depth and releasing it into the overlying mantle wedge just below the 
melting region in the mantle wedge (Ulmer and Trommsdorf 1995; Schmidt and Poli 1998; 
Grove et al., 2006; Grove et al., 2009). 
The mantle wedge is the convecting part of the mantle above the subducted slab and 
below the overriding lithospheric plate. Mechanical coupling between the subducted slab and the 
base of the mantle wedge (as well as the chilling effect of the cold downgoing slab) induces 
corner flow and thermal convection in the mantle wedge (McKenzie 1969; Rabinowicz et al., 
1980; Kincaid and Sacks 1997). Mantle convection supplies ‘fresh’ asthenospheric mantle to the 
wedge from the back-arc region or more rarely from the edges of subduction through slab 
windows (e.g., Wiens and Smith 2003). The mantle wedge is also the primary recipient of 
released subduction components from the slab. These components include sedimentary materials, 
aqueous fluids, and silicate melts. Low seismic velocities and low calculated viscosities (< 1019 
Pa s) compared to normal upper mantle (> 1019Pa s) provide strong evidence that the mantle 
wedge contains melts and fluids supplied and continually replenished by the subducted slab 
(Hirth and Kohlstedt 2003; Wiens and Smith 2003). Addition of these slab components to the 
mantle wedge triggers the arc magmatism associated with subduction zones. 
1.1.3. Arc-trench complex  
 Arc-trench complexes are the surface manifestations of subduction zones and preserve a 
record of subduction processes through geologic time. The arc-trench complex, which can be 
hundreds of kilometers wide, consists of the following four components: (1) the oceanic trench 
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where oceanic lithosphere sinks into the mantle, (2) the forearc region including accretionary 
prisms (associated with high sediment supply), (3) the magmatic arc where subduction-related 
volcanic activity is concentrated, and (4) the back-arc region consisting of extension and 
decompression-related magmatism behind the arc volcanic front (e.g., Gill 1981; Stern 2002).  
The magmatic arc is a ribbon of volcanoes (typically 10-100 km wide) that occurs where 
the depth to the subducted slab surface is ~110 km (Jarrard 1986; d'Ars et al., 1995) but varies 
from ~70-170 km globally (Syracuse and Abers 2006). Although most of the melting and 
magmatic activity in subduction zones occurs at sub-volcanic depths, manufactured products of 
the subduction factory can only be investigated through erupted arc lavas or exposed plutonic 
roots along the magmatic arc. Therefore, the magmatic arc is the most important region in the 
arc-trench complex for identifying melting sources and understanding the processes that affect 
mantle and crustal geochemical reservoirs. 
 Arc magmatism accounts for > 20% of the current terrestrial magmatism (e.g., Tatsumi 
2005) and is caused by volatile addition to the mantle, unlike mid-ocean ridge volcanism. 
Magma production at mid-ocean ridges is the result of anhydrous adiabatic decompression of 
upwelling mantle that melts as mantle peridotite crosses the dry solidus at low pressures (Klein 
and Langmuir 1987). Some examples of near-anhydrous melts in subduction zones caused by 
adiabatic decompression melting via wedge corner flow have been observed (e.g., Tatsumi et al., 
1983; Elkins-Tanton et al., 2001), but this process cannot account for the voluminous volcanic 
output found at subduction zones. Slab-derived fluid fluxing (volatile addition) of the mantle 
wedge above a subducted lithospheric plate triggers most of the melting and arc magma 
generation in the subduction factory (e.g., Gill 1981; Tatsumi et al., 1986; Schmidt and Poli 
1998; Gaetani and Grove 2003; Grove et al., 2006; Grove et al., 2012). The addition of water 
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from the dehydrating subducted slab to the mantle wedge is particularly important because it 
depresses the peridotite solidus by several hundred degrees (°C) at a given pressure and allows 
the mantle wedge to melt. Experimental studies have shown that melting under mantle pressure-
temperature (P-T) conditions at H2O-saturation lowers the peridotite solidus by several hundred 
degrees from ~1400°C for dry peridotite at 3 GPa (Ito and Kennedy 1967) to ~800-1000°C 
(Green 1973; Mysen and Boettcher 1975; Grove et al., 2006; Till et al., 2012). The presence of 
up to 8 wt.% water in liquids trapped in mineral melt inclusions of arc lavas (versus < 1 wt.% 
water in mid-ocean ridge basalts) provides compelling evidence that a H2O-rich component is 
added to the mantle beneath arc volcanoes to induce mantle melting (Sisson and Layne 1993; 
Wallace 2005). The addition of water, whether delivered by channelized ascent or diapiric flow, 
therefore has profound effects on the rheology as well as the melting behavior of the mantle 
wedge.  
Although the amount of water added to the mantle wedge is likely the limiting factor in 
mantle wedge melting, the presence of water in the wedge alone does not necessitate that partial 
melting will occur (e.g., Grove et al., 2012). Mantle melting and the amount of magma produced 
are also constrained by the thermal structure of the convecting mantle wedge (e.g., Tatsumi et al., 
1983; Peacock and Wang 1999; van Keken et al., 2002; Tatsumi 2003). The maximum amount 
of melting in subduction zones occurs where fluids or hydrous melts infiltrate the hot (~1350°C) 
core of the mantle wedge (Fig 1.1). Mantle melting will not occur if insufficient fluid is supplied 
to the core or if the slab fluid is dehydrated at shallow (< 70 km) depths (e.g., Grove et al., 2012).  
Geochemical indicators and some thermal models indicate that partial melting of the 
subducted oceanic crust, although less commonly observed, may also occur when the incoming 
slab is young and hot, and the rate of subduction is slow (Kay 1978; Defant and Drummond 
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1990; Peacock et al., 1994; Yogodzinski and Kelemen 1998). However, thermal models with 
temperature-dependent viscosities suggest that slab melting may not be restricted to slow 
subduction of hot, young lithosphere (Kelemen et al., 2003b). Recent subduction zone thermal 
models (Syracuse et al., 2010) have shown that subducted slab surface temperatures exceed the 
solidus temperatures of pelagic sediment (Johnson and Plank 1999) and hydrated basalt (Lambert 
and Wyllie 1972) at 3 GPa. These high temperatures suggest that some slab materials may 
undergo partial melting and leave the slab interface as hydrous melts (Plank et al., 2009) or 
supercritical fluids (Manning 2004; Kessel et al., 2005; Mibe et al., 2011). 
The locations of magmatic arcs, which are typically a few hundred kilometers behind the 
oceanic trench, are controlled by plate tectonic systematics that vary between subduction zones. 
Global compilations of observable plate tectonic parameters, such as convergence rates and slab 
dips, have been examined in great detail for systematic trends in arc volcano locations to varying 
degrees of success (e.g., Jarrard 1986; Syracuse and Abers 2006). Recent thermal models suggest 
a link between arc volcanic fronts and the sub-arc mantle wedge location where the anhydrous 
solidus makes its closet approach to the trench (England and Katz 2010). Grove et al. (2009, 
2012) proposed that the depth of dehydration reactions and the mantle thermal structure instead 
control the locations of arc volcanoes. They suggested that the coincidence of depths of chlorite 
dehydration and the H2O saturated solidus supports the notion that arc volcano locations are a 
function of H2O saturation melting. No conclusive evidence exists for what controls arc front 
locations, but these models provide important insights into the thermal structure of the sub-arc 
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1.1.4. Petrological and geochemical characteristics of arc lavas 
 Erupted arc lava characteristics provide important information about their petrogenesis 
and the processes that have affected mantle wedge melts on their ascent to the surface. Arc lavas 
are typically porphyritic, fractionated, and water-rich, and most commonly contain olivine, 
pyroxene, plagioclase, and (less often) hornblende phenocrysts (e.g., Perfit et al., 1980; Pearce 
and Peate 1995; Tatsumi and Eggins 1995; Stern 2002). They often have Mg#’s < 0.7 [where 
Mg# is molar ratio of Mg/(Mg+Fe2+)] that are out of equilibrium with the mantle (Mg# ~0.9) and 
represent melts modified by fractional crystallization and crustal assimilation in the overlying 
crust (e.g., Davidson et al., 1987; Hildreth and Moorbath 1988; Kelemen et al., 2003a). The 
porphyritic nature of arc lavas also reflects complicated crystallization paths and complex 
interactions between melt and crystal grains in shallow crustal magma chambers prior to eruption 
(e.g., Stern 2002). High water abundances affect both the fractionation trends and major element 
contents of arc magmas, and in turn partially control the eruptive style of arc volcanoes (e.g., 
Plinian vs. Strombolian). The presence of water drives SiO2 enrichment in arc magmas by 
suppressing plagioclase crystallization and stabilizing Fe-Mg-rich silicates (such as olivine and 
clinopyroxene) as well as Fe-Ti spinel on the liquidus (Sisson and Grove 1993). Fractional 
crystallization of wet arc melts therefore produces magmas enriched in SiO2 and depleted in FeO 
relative to dry mantle melts. The depleted FeO differentiation trend is described as calc-alkaline 
and has become more-or-less synonymous with subduction-related magmatism (Irvine and 
Barager 1971; Miyashiro 1974; Zimmer et al., 2010). 
 Arc magmas also display distinctive geochemical signatures that provide key information 
about subduction processes and the recycling of subducted slab materials into the mantle wedge 
melting source region. One of the most salient geochemical features of arc magmas is the 
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enrichment in fluid mobile elements relative to high field strength elements (HFSE) and rare 
earth elements (REE) (e.g., Gill 1981; Hawkesworth et al., 1991; McCulloch and Gamble 1991; 
Hawkesworth et al., 1993; Borg et al., 1997; Elliott et al., 1997; Class et al., 2000; Elliott 2003; 
Tatsumi 2005). Fluid-mobile elements (e.g., Ba, Sr, Pb) are mobilized and transported by 
aqueous solutions under mantle pressure-temperature conditions whereas the HFSE (e.g., Nb, Ta, 
Zr, Hf) and REE (e.g., La, Nd, Dy, Yb) are relatively fluid-immobile (Tatsumi et al., 1986; 
Brenan et al., 1995a; Brenan et al., 1995b; Ayers 1998). The enrichment in fluid 
mobile/immobile ratios, despite the similarities in melting partition coefficients (e.g., Sr/Nd and 
Ce/Pb), reflects the addition of slab-derived fluids to the mantle wedge (e.g., Tatsumi et al., 
1986; Miller et al., 1994; Stolper and Newman 1994; Turner et al., 1997; Jicha et al., 2004; 
Handley et al., 2007). Fluid-mobile elements act as tracers of aqueous fluid movements and 
provide evidence of mass transport from the slab to the mantle. 
 Incompatible trace element and isotopic enrichments in arc magmas indicate that 
subducted sediments are transmitted to the subarc mantle wedge. For example, elevated 10Be/9Be 
and 207Pb/204Pb isotopic compositions of arc magmas provide relatively unambiguous evidence 
of sediment contributions to the mantle source (Kay et al., 1978; Tera et al., 1986; White and 
Dupre 1986; Sigmarsson et al., 1990; Miller et al., 1994). Trace element correlations between 
subducted sediments and arc magmas further support the notion that subducted sediments are 
incorporated into the mantle wedge and also indicate that sediment recycling is a common 
process in the subduction factory (Plank and Langmuir 1993; Plank and Langmuir 1998; Plank 
2005). Whether trace elements derived from subducted sediments are added to the mantle wedge 
in bulk, as aqueous fluids, or as hydrous melts to the mantle wedge remains disputed. The 
transport mechanism(s) may depend on the specific geophysical and geodynamical aspects of 
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each subduction system. Nevertheless, nearly ubiquitous subducted sediment recycling at arcs 
has important consequences for trace element and isotopic refertilization of the mantle. 
 
1.2. Regional Geological Background 
1.2.1. Andean volcanism 
 The Andean Cordillera is a > 6,500 km mountain chain formed by processes related to 
the subduction of the Nazca and Antarctic Plates beneath the western margin of the South 
American continent. Subduction along the margin initiated by at least ~185 Ma in the northern 
and central Andes as a result of the breakup of Gondwana and the opening of the southern 
Atlantic Ocean (e.g., Pichowiak et al., 1990). The majority of magmatic activity in the Andes 
seems to have occurred since the breakup of the Farallon oceanic plate (into the Juan de Fuca, 
Cocos, and Nazca plates) in the Late Oligocene, which resulted in increased convergence rates 
and magmatic production (Pardo-Casas and Molnar 1987; Tebbens and Cande 1997; Somoza 
1998). The Andes boast over 200 historically active or recently active volcanoes (Simkin and 
Siebert 1994), as well as several large silicic caldera systems. Andean subduction-related 
volcanism along the South American margin occurs in four active but separate segments with 
different subduction geometries, convergence rates, subduction directions, subduction angles, 
oceanic plate ages, and continental crustal compositions (e.g., Stern 2004). Pronounced volcanic 
gaps occur where shallow or near flat subduction (slab dip < 10°), associated with the subduction 
of buoyant slab sections such as the Juan Fernandez Ridge and Chile Rise, interrupt volcanism 
along the margin.  
The volcanic segments of western South America include the Northern Volcanic Zone 
(NVZ, 5°N-2°S), the Central Volcanic Zone (CVZ, 16-28°S), the Southern Volcanic Zone (SVZ,  
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Figure 1.2: Regional map of the Andean volcanic zones along the western margin of South 
America. The Andes are divided into four volcanic segments: Northern Volcanic Zone (NVZ), 
Central Volcanic Zone (CVZ), Southern Volcanic Zone (SVZ), and the Austral Volcanic Zone 
(AVZ). The AVZ is the only Andean segment produced by the subduction of the Antarctic Plate 
rather than the Nazca Plate. Major tectonic features are marked. Volcano locations from the 
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33-46°S), and the Austral Volcanic Zone (AVZ, 49-55°S), and are shown in Figure 1.2. The 
AVZ is the only segment formed by the subduction of the Antarctic Plate below South America, 
and it is separated from the other volcanic zones by the subducting Chile Rise. The NVZ (mainly 
located in Colombia and Ecuador) overlies ~40-55 km thick continental crust composed of 
young Cretaceous accretionary mafic rocks (western part of the arc) and older Paleozoic / 
Mesozoic metamorphic and granitoid rocks (eastern part of the arc) (Feininger and Seguin 1983; 
Aleman and Ramos 2000). The NVZ volcanics are dominated by calc-alkaline andesites and 
dacites (basalts are rare) in the western part of the arc segment and alkaline rocks to the east in 
Ecuador (e.g., Barragan et al., 1998). The CVZ (Peru and northern Chile) overlies thicker (> 70 
km) and much older crust than any of the other South American volcanic zones (e.g., Swenson et 
al., 2000; Loewy et al., 2004). The basement lithology of the CVZ is composed of Proterozoic 
(~2.0 Ga) metamorphic and plutonic rocks, which are among the oldest in the Andes. The CVZ 
forms the crest of the Andes and has an average elevation of ~3,700 m with some peaks 
exceeding 6,000 m (e.g., Stern 2004). Andesites, dacites, and rhyolites are the dominant volcanic 
rocks erupted in the CVZ, and the elevated Sr and O isotopic data suggest that these magmas 
have assimilated large amounts of the basement crust (e.g., Hawkesworth et al., 1982; Davidson 
et al., 1991; Francis and Hawkesworth 1994). Geologic and geophysical data also indicate that 
subduction erosion rates are relatively high in the CVZ compared to the northern and southern 
Andean segments (Stern 2011, and references therein). The process of subduction erosion 
introduces additional crustal components to mantle sources of CVZ magmas. The southernmost 
volcanic zone in South America (AVZ) consists of stratovolcanic centers (relatively few in 
number) that overlie thin (< 35 km) continental crust composed of Late Paleozoic to Early 
Mesozoic sedimentary and metamorphic rocks (e.g., Herve et al., 2000; Thompson and Herve 
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2002). AVZ lavas are dominated by hornblende andesites and dacites with MORB-like isotopic 
compositions are thought to reflect partial melting of the subducted oceanic crust, or so-called 
adakites (Stern and Kilian 1996). Adakitic production in the AVZ (as well as the limited amount 
of volcanic activity) is attributed to the slow oblique subduction (~2 cm yr-1) of relatively young 
(~12-24 Ma) Antarctic oceanic crust.  
1.2.2. Southern Volcanic Zone (SVZ) 
The Southern Volcanic Zone (SVZ) of the Chilean Andes is the southernmost arc 
segment (33-46°S) produced by subduction of the Nazca plate below South America (Fig. 1.3), 
which has had a slightly oblique convergence (~7-9 cm/yr) for the last 20 Myr (Pardo-Casas and 
Molnar 1987; Angermann et al., 1999). The SVZ is unique in that it is bounded by volcanic 
cessations produced by the subduction of the Juan Fernandez Ridge (Pampean flat-subduction) to 
the north and Chile Rise to the south. There are at least 60 historically or potentially active 
volcanic systems in the SVZ arc front, and they range in size from small cinder cones to large 
stratovolcanoes and giant silicic caldera systems (e.g., Stern 2004). Most of the caldera systems 
in the SVZ are younger than 1.1 Ma, in contrast to the CVZ where the large silicic systems are 
almost all older than 1 Ma (de Silva and Francis 1991). In addition to the arc front, the eastern 
margin of the SVZ (in Patagonia) is characterized by major back arc continental alkali basaltic 
volcanism throughout the Cenozoic (Stern et al., 1990; Kay et al., 2004; Kay et al., 2005; 
Bertotto et al., 2009). The maximum distance between the active arc front and back-the-arc 
volcanism along the arc occurs between 35-37°S (directly east of the TSPC), where the large 
Quaternary mafic Payenia Volcanic Province has been emplaced (Ramos and Folguera 2011). 
 


















Figure 1.3: Regional map of the Southern Volcanic Zone (SVZ) of southern Chile and the 
location of the Tatara-San Pedro Complex (TSPC) study area plotted on a GeoMapApp base.  
Inset shows the position of the SVZ within South America. Arc segmentation scheme following 
Dungan et al., 2001: Tupungatito-Maipo segment (TSM, red triangles); Palomo-TSPC segment 
(PTS, green triangles); Longavi-Calbuco segment (LOS, blue triangles). Locations of large 
Payenia behind SVZ basaltic volcanoes (gray triangles) as well as prominent tectonic features 
are marked. Note the geographically expansive behind SVZ region east of the TSPC that is 
elevated. Behind-the-arc volcanism occurs intermittently along the eastern margin of the SVZ. 
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 The SVZ is a particularly interesting Andean volcanic segment because of the systematic 
geodynamical and geophysical variations with latitude along the arc. From north to south, 
subduction angle changes (from ~20° to > 25°), age of the subducting Nazca plate decreases 
(from ~45 Ma to ~0 Ma), distance from the trench to arc front decreases (from ~350 km to ~275 
km), and continental crust thins (from > 60 km to ~30 km thick) (Hildreth and Moorbath 1988; 
Stern 2004; Tassara 2005b; Tassara et al., 2006). Crustal composition and tectonic style also 
transition to younger, more mafic crust from north to south (Lucassen et al., 2004; Cembrano and 
Lara 2009). Even the subducted sedimentary package transitions to a thicker sediment pile 
derived from older Andean basement rocks in the southernmost part of the SVZ (Kilian and 
Behrmann 2003; Contreras-Reyes et al., 2010; Lucassen et al., 2010). These along arc changes 
have important implications and consequences for the arc structure and the magmatic 
compositions generated at SVZ volcanic centers. 
The SVZ can be sub-divided into three smaller geologic segments based on changes in 
arc azimuth and shifts in the frontal arc volcano positions relative to the Andean crest (Wood and 
Nelson 1988; Dungan et al., 2001). The Tupungatito-Maipo (TSM) segment between 33-34.5°S 
is composed of andesitic and dacitic cones that overlie exceptionally old and thick continental 
crust (~60-55 km) and have summit elevations that rise to ~6.5 km at the northern end of the arc, 
similar to the CVZ. Magmas in the TSM are dominantly evolved (< 55 wt.% SiO2 basalts have 
rarely been observed) and considered largely affected by fractionation and upper/lower crustal 
assimilation (Lopez-Escobar et al., 1985; Hildreth and Moorbath 1988; Davidson et al., 1991) or 
incorporation of subduction eroded continental crust in the mantle source (Stern 1991a; Stern 
and Skewes 1995; Kay et al., 2005). The Palomo-Tatara (PTS) segment, between 34.5-36.5°S, 
forms a NE-SW trending broad arc segment that appears geochemically and geologically 
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intermediate between the northern and southern segments (Davidson et al., 1988; Dungan et al., 
2001). The PTS is underlain by ~40-50 km thick continental crust composed of Late Mesozoic to 
Tertiary volcaniclastic and metamorphic rocks (Nelson et al., 1999; Lucassen et al., 2004; 
Tassara et al., 2006). Projection of the subducted Mocha Fracture Zone (MFZ) marks the 
southern boundary of the PTS, separating the subduction of older oceanic crust (>30 Ma) to the 
north from subduction of much younger oceanic crust to the south (<25 Ma) (Herron et al., 1981; 
Stern et al., 1990). The southernmost Longavi-Osorno (LOS) segment, between 36.5-42°S, 
consists of basaltic to basaltic andesite volcanic shields and cones that overlie relatively thin 
continental crust (~30-35 km) and whose summit elevations only rise to elevations of ~3.5 km. 
Late Mesozoic and Tertiary crust (with Miocene granitoid intrusions) dominant the LOS crust in 
the north, but older Paleozoic rocks become abundant at the surface in the south. It is generally 
thought that mantle and slab signals can be more easily discerned in magmas of the LOS open 
system processes play a much-subdued role in their petrogenesis (Hickey et al., 1986; Hickey-
Vargas et al., 1989; Hickey-Vargas et al., 2002). 
1.2.3. Tatara-San Pedro Complex (TSPC) 
The Tatara-San Pedro Complex (TSPC) is a large (volume ~ 55 km3, area ~ 250 km2) 
long-lived Quaternary arc front stratovolcanic complex situated ~110 km above the subducting 
Nazca slab and located at the southern limit of the PTS segment in the SVZ at 36°S, 70.9°W 
(Singer et al., 1997; Dungan et al., 2001; Tassara 2005a). The TSPC consists of a wide range of 
magmatic compositions from calc-alkaline medium-K to high-K primitive basalts to evolved 
rhyolites, with basaltic andesites (52-56 wt. % SiO2) dominating the eruptive volume of the 
complex (Singer et al., 1997; Dungan et al., 2001). TSPC lavas typically contain olivine, 
plagioclase, and pyroxene phenocrysts. Minor amounts of hornblende, biotite and apatite grains
 




Figure 1.4: Relief map of the Tatara-San Pedro Complex and surrounding area. The two 
prominent stratovolcanic cones, Volcan San Pedro and Volcan Pellado, are marked by red 
triangles. The names of major rivers, drainages, and plateaus are denoted. Extensively sampled 
canyons are also marked. Map base is from GeoMapApp. 
 






















Figure 1.5: Simplified geologic map of the TSPC with eruptive chrono-stratigraphic sequences 
highlighted and sampling traverses denoted. Map modified from Dungan et al. (2007). 
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have only been found in dacitic (> 65 wt. % SiO2) lavas. The TSPC overlies ~40 km thick 
continental crust composed of low-grade Tertiary volcaniclastic metasedimentary and 
metavolcanic rocks intruded by shallow Late Miocene aged granitic plutons (Nelson et al., 1999; 
Lucassen et al., 2004; Tassara et al., 2006). Although mafic plutonic roots have not been 
observed locally near the surface, TSPC lavas often contain entrained gabbroic, troctolitic, and 
clinopyroxenitic xenoliths/xenocrysts (Costa 2000; Costa et al., 2002; Dungan and Davidson 
2004; Costa and Dungan 2005).  
The TSPC consists of two main edifices (Fig. 1.4) and at least eight major constructional 
episodes (lava sequences based on geochemical and stratigraphic relations) that are separated by 
magmatic and erosional hiatuses spanning ~930 kyr of volcanic activity (Davidson et al., 1987; 
Davidson et al., 1988; Ferguson et al., 1992; Feeley and Dungan 1996; Singer et al., 1997; 
Feeley et al., 1998; Dungan et al., 2001). The main edifice is composed of the Tatara shield 
volcano and the more recently active San Pedro cone. Volcan Pellado represents an older and 
more deeply eroded secondary edifice ~5 km ENE of the Tatara-San Pedro cone. Extensive 
glacial and fluvial erosion has formed deeply incised canyons (up to ~1 km of vertical exposure) 
throughout the complex that provide nearly continuous geologic sampling from Holocene cap 
lavas to basement rocks (Fig. 1.4). Volcanism at the TSPC is longer-lived than at most SVZ 
volcanoes, and much of which is preserved has been exhaustively sampled, there is no 
discernible progressive evolutionary trend between successive lava sequences through time at the 
complex. Individual lava sequences record internal differentiation trends, but the lack of long-
term evolutionary trends rules out magma differentiation in large reservoirs beneath the TSPC 
and perhaps elsewhere (Dungan et al., 2001). 
 






Figure 1.6: Chrono-stratigraphic section of preserved volcanic activity over ~930 k.y. at the 
TSPC. The diagram illustrates the eruptive chrono-stratigraphic order and percentage of sampled 
lavas in each sequence relative to the total number of lavas sampled at the complex (n=922). The 
lavas are separated into two groups based on SiO2 content (basalts-andesites < 63 wt. % and 
dacites-rhyolites > 63 wt. % SiO2). The Tatara Dacite and Munoz + Quebrada Turbia rhyolites 
are the only preserved high silicic lavas at the complex. Geologic time is given as 40Ar/39Ar 
dates, reported by Singer et al., 1997 and modified by Dungan et al., 2001. 
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Dungan et al. (2001) went to great lengths to provide an ultra-detailed stratigraphic, 
petrological, and geochemical perspective of the TSPC. A short summary of the major eruptive 
sequences and their characteristics (including Ar/Ar ages from Singer et al., 1997) are given here 
in stratigraphic order for reference (Fig. 1.5). A simplified geologic map illustrating the locations 
of exposed lava sequences and sampling traverses is shown in Figure 1.6.  
The Muñoz Sequence (MS: ~930-825 ka), mainly exposed in outcrops 2-5 km north of 
the Tatara-San Pedro cone in Quebrada Turbia (Fig. 1.6), is the earliest preserved record of 
Quaternary volcanic activity at the complex. The Munoz sequence is dominated by two silicic 
units, namely the basal Munoz Dacite and the younger Los Lunes Rhyolite, that are separated by 
~100 kyr and intercalated with minor mafic and intermediate Sin Nombre lavas. The Munoz 
sequence is characterized by lavas with exceptionally high SiO2 (SiO2 ~75 wt.%) and highly 
enriched incompatible elements that are inconsistent with simple fractional crystallization of 
basaltic magma. Munoz lavas are instead explained by binary mixing of basaltic and highly 
silicic melts.  
Unlike the MS, which records voluminous silicic lavas, younger volcanic activity at the 
complex seems to represent cyclic eruptive episodes (emplacement, differentiation, mixing, 
assimilation, recharge, and eruption) predominantly involving basaltic and basaltic andesitic 
magmas (Dungan et al., 2001). The Quebrada Turbia Sequence (QTS: ~785-770 ka), also 
exposed in the north-central portion of the complex within Quebrada Turbia (Fig. 1.6), consists 
of basaltic andesites and andesites that record an unusually well-preserved paleomagnetic field 
reversal precursor to the Matuyama-Brunhes reversal event (Brown et al., 2004). QTS lavas are 
the earliest examples of magma generation and differentiation sub-cycles at the TSPC. The 
Estero Molino Sequence (EMS; ~620-495 ka), following the QTS lavas after a significant time 
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gap, is subdivided into three units (lower, middle, upper) based on internal compositional 
patterns. The EMS lavas are exposed in several canyons along the northwestern flank of the 
TSPC and have a range from basalts to dacites. Most EMS lava flows are 2-10 m thick basaltic 
andesites. The middle EMS is particularly interesting because it contains some of the most 
primitive (Mg# > 65, SiO2 < 50 wt. %) but geochemically diverse magma compositions in the 
Andes. They reflect a large diversity of mantle-derived parental magma compositions and 
distinct differentiation trends. The Cordon Guadal Sequence (CG; ~410-360 ka), exposed 
primarily in the southeastern quadrant of TSPC, represents another basaltic to dacitic eruptive 
episode. Geochemical constraints suggest that CG basaltic magmas intruded shallow silicic 
reservoirs and evolved through a host of open-system processes, including magma mixing and 
crustal assimilation (Feeley et al., 1998). The Upper Paceta San Pedro Sequence (UPSPS; ~235 
ka), which sits unconformably above the upper EMS lavas on La Placeta (Plateau) San Pedro in 
the northwest quadrant (Fig. 1.6), is a well studied group of basaltic lavas containing copious 
amounts of xenocrystic material derived from assimilation of mafic and ultramafic TSPC 
plutonic roots (Dungan and Davidson 2004). New trace element and isotopic data for this 
particular lava sequence is the focus of Chapter 4 of this thesis.  
Volcanic activity at the complex seems to have bifurcated between Volcan Pellado 
stratovolcano (~190-80 ka) and the Volcan Tatara shield volcano (~120-20 ka) for a short period 
at ~100 ka. Volcan Pellado is a large (~12.5 km3), but deeply eroded edifice composed of mainly 
basaltic andesitic and andesitic lavas and pyroclastic rocks. Trace element compositions suggest 
that Pellado magmas were derived from an enriched mantle source but have undergone large 
extents of crustal assimilation and fractional crystallization. Volcan Tatara lavas built the edifice 
upon which the most recent volcanism has occurred. Tatara lavas are aerially extensive and 
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among the best preserved at the complex because they were erupted during the deglacial period 
following Marine Oxygen Stage 6, being exposed to only a single ice age (Lisiecki and Raymo 
2005). The Tatara (TAT) sequence is divided into two stratigraphic units (upper and lower), 
separated by an erosional surface, and dominated by relatively mafic compositions. The lower 
Tatara lavas span a large range in trace element compositions and represent a diversity of parent 
magmas whereas the upper Tatara lavas have relatively restricted compositions.  
The final and most recent volcanic activity (Holocene) preserved at the TSPC is the 
Volcan San Pedro composite volcano and associated lavas, built on top of the pre-existing 
Volcan Tatara shield. San Pedro is scarred by a sector collapse on east flank of the cone that has 
been partially refilled by subsequent lava flows. There is no evidence of historical volcanic 
activity at Volcan San Pedro, but recent earthquake swarms in June 2012 may indicate a 
reawakening of the magmatic system. The San Pedro Sequence is dominated by older basaltic 
andesites and younger silicic lavas derived from a zoned magmatic reservoir possibly erupted in 
response to the sector collapse (Costa and Singer 2002; Costa and Chakraborty 2004). The zoned 
magmatic reservoir is thought to represent incomplete mixing between dacitic (produced by 
assimilation of hydrous gabbroic plutonic roots) and injected basaltic magma (Costa and Singer 
2002).  
High-density sampling and eruptive chrono-stratigraphic reconstruction at the TSPC has 
yielded one of the most complete petrological and geochemical datasets of any arc volcano on 
Earth. The TSPC represents a long-lived volcanic center at a pivotal location in the SVZ between 
relatively thin crust to the south and progressively thickening crust to the north. The high degree 
of preservation of older volcanic products and the diversity of magmatic compositions at the 
TSPC relative to other SVZ volcanic centers provides a unique opportunity to investigate 
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systematic dynamics of magma generation and evolution at a continental arc volcano. 
Furthermore, it allows us to elucidate magma source heterogeneity and to distinguish between 
contributions from crust, subducted slab, and upper mantle sources in a well-studied SVZ 
volcano. Understanding of subarc mantle sources and processes beneath TSPC bears directly on 
regional along-strike variations in the SVZ. 
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Unraveling mantle and slab sources at a continental 
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2.1. Abstract 
High-density sampling along with extensive geochemical and petrological characterizations 
of lavas from the Quaternary Tatara-San Pedro complex (TSPC) of the Southern Volcanic Zone 
(SVZ) of Chile provides a robust basis for addressing mantle processes and the origins of 
magmas at a long-lived (~925 ka) subduction-related volcano. The large dataset allows the 
effects of upper crustal open system processes to be filtered out and mantle-derived source 
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characteristics to be identified. Magmas that are least impacted by crustal contributions have 
compositions bounded by three broadly-defined chemically and isotopically distinct mantle-
derived end-members, which were repeatedly erupted during the TSPC volcanic history.  
The vast majority of this ‘mafic suite’ is derived from ‘prevalent TSPC mantle,’ whose 
composition best represents melts of the ‘typical’ upper SVZ mantle. This asthenospheric mantle 
is the product of long-term subduction-modification along the Andean margin. A second end-
member has the lowest abundances of high field strength elements (HFSE; e.g., ~1 ppm Nb) and 
aqueous fluid-immobile incompatible trace elements (e.g., Th, LREE, Zr), but the highest ratios 
of aqueous fluid-mobile/immobile elements (e.g., Sr/Nd and Pb/Ce). This ‘low-HFSE’ end-
member is derived from ‘prevalent TSPC mantle’ that experienced previous melt extraction, and 
was re-melted in response to fluxing by solute-rich fluids released from the subducting oceanic 
crust. A third end-member is the most enriched in incompatible trace elements and has the lowest 
Nd-Hf isotope ratios. This ‘TE-enriched’ end-member is geochemically similar to behind-the-arc 
basalts, indicating derivation from trace element-enriched mantle components that underwent 
low degree partial melting beneath the frontal arc following advection into the mantle wedge. 
Although many magma compositions fall on arrays between these end-members and ‘prevalent 
TSPC mantle’ magmas, there are no magmas that reflect simple mixtures of the ‘low-HFSE’ and 
‘TE-enriched’ sources. These relationships indicate that interactions between the ‘low-HFSE’ 
and the ‘TE-enriched’ magmas do not interact directly but are mediated by ‘prevalent TSPC 
mantle’, and that the ‘low-HFSE’ and ‘TE-enriched’ sources are spatially separated.   
While some TSPC magmas almost certainly evolved by open-system processes in the lower 
to middle crust, this crustal processing does not obliterate mantle-derived geochemical signals at 
the TSPC. Isotopic and compositional diversity of the TSPC mafic magma suite is much higher 
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than in southern SVZ volcanoes where crustal thickness is lower. Furthermore, the mafic suite 
includes compositions of different parentage erupted closely in space and time. These key 
observations preclude the operation of an overriding, deep-crustal magma processing zone 
beneath the TSPC for much of its history. Thus, there is no support for a sub-TSPC melt region 
that was sufficiently persistent through time, or laterally extensive during any given eruptive 
interval, to comprehensively capture and blend the observed spectrum of mantle-derived magmas 
into homogenized hybrid compositions.  
2.2. Introduction 
Subduction zones are primary sites on the Earth for mass exchange between the mantle and 
crust. Delineating the sources of elements in convergent margin magmas, and elucidating the 
processes by which their geochemical signatures are transmitted to the mantle wedge and 
imparted on lavas produced at subduction zones, are important for the understanding of 
continental growth and refertilization of the mantle via crustal recycling (e.g., Plank 2005; 
Chauvel et al., 2009). Arc lavas from volcanoes erupting on oceanic crust are often used to 
identify components derived from the subducted plate and the mantle wedge, as well as to 
examine the role of elemental recycling into the mantle, because they are erupted through 
relatively thin, young ‘juvenile’ crust (e.g., Elliott et al., 1997; Hawkesworth et al., 1997; Turner 
et al., 1997; Class et al., 2000; Jicha et al., 2004; Handley et al., 2007; Smith et al., 2009). With 
increasing crustal thickness, particularly along continental margins, assessing magma genesis is 
complicated by shallow level differentiation and open system processes such as crustal 
assimilation and magma mixing that can mask mantle source component signatures (e.g., 
Davidson et al., 1987; Hildreth and Moorbath 1988). Delivery of crustal materials from 
subduction erosion to the source regions of arc magmatism may also contribute important 
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geochemical components to arc magmas (e.g., Stern and Skewes 1995; Kay et al., 2005; Stern 
2011). For these reasons, distinguishing mantle and subducted slab contributions from crustal 
components at continental arc volcanoes overlying relatively thick crust remains a long-standing 
challenge.  
The importance of crustal processing of arc magmas, and the degree to which magmas 
retain their mantle-derived signals en route to eruption, has been debated for decades. In the 
Andean Southern Volcanic Zone (SVZ, acronyms used are listed in Table 2.1), investigators 
observed that along-arc geophysical changes such as increases in continental crustal thickness 
and increases in volcano elevation accompany increases in incompatible element abundances and 
Sr isotope ratios (e.g., Lopez-Escobar et al., 1977; Hildreth and Moorbath 1988). Hildreth and 
Moorbath (1988) concluded that the chemistry of SVZ volcanoes reflect deep crustal processes 
that obscure mantle signatures through significant modification of primary melts in crustal zones 
of melting, assimilation, storage, and homogenization (MASH), especially in the northern 
portion of the SVZ. However, several studies have concluded, particularly from the southern 
portion of the SVZ, that slab and mantle sources can be identified (e.g., Hickey et al., 1986; 
Sigmarsson et al., 1990; Tormey et al., 1991; Hickey-Vargas et al., 2002; Sigmarsson et al., 
2002; Reubi et al., 2011). These investigations suggest that mantle source signals in southern 
SVZ magmas are not obliterated by crustal contamination. Thus, there is still no general 
consensus on the processes and sources responsible for chemical variations along the SVZ, 
despite numerous attempts. Here we take advantage of a uniquely comprehensive sample suite 
and geochemical dataset at the Quaternary Tatara-San Pedro complex (TSPC) to distinguish 
SVZ mantle sources and crustal processes. 
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Table 2.1: Acronyms used used in Chapter 2. 
 
Acronym Meaning 
AFC Assimilation, Fractional Crystallization 
FC Fractional Crystallization 
CR Chile Rise 
EPR East Pacific Rise 
HFSE High Field Strength Elements 
HREE Heavy Rare Earth Elements 
ICP-MS Inductively Coupled Plasma Mass Spectrometer 
JFm Juan de Fernandez microplate 
LDEO Lamont-Doherty Earth Observatory 
LILE Large Ion Lithophile Elements 
LREE Light Rare Earth Elements 
MASH Melting, Assimilation, Storage, Homogenization 
MFZ Mocha Fracture Zone 
MIT Massachusetts Institute of Technology 
MORB Mid-Ocean Ridge Basalt 
MREE Middle Rare Earth Elements 
OIB Ocean Island Basalt 
REE Rare Earth Elements 
SCLM Sub-Continental Lithospheric Mantle 
SVZ Southern Volcanic Zone 
TE Trace Element 
TIMS Thermal Ionization Mass Spectrometer 
TSPC Tatara-San Pedro Complex 
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The TSPC is an exceptional natural laboratory for elucidating magma source heterogeneity 
and the effects of crust, slab, and upper mantle wedge contributions over time in the SVZ. It is a 
large frontal arc stratovolcano that exhibits broad compositional diversity from basalt to rhyolite. 
High-density sampling at the TSPC has yielded one of the most complete eruptive chrono-
stratigraphies of any arc volcano on Earth, and an extensive geochemical and petrographic 
library from which important petrogenetic processes have been evaluated (e.g., Davidson et al., 
1987; Davidson et al., 1988; Ferguson et al., 1992; Feeley and Dungan 1996; Singer et al., 1997; 
Feeley et al., 1998; Dungan et al., 2001; Costa and Singer 2002; Brown et al., 2004; Dungan and 
Davidson 2004). The sampling of volcanic activity at TSPC encompasses the last ~930 kyr, and 
consists of at least eight distinct volcanic sequences that span the volcanic history at the 
complex. Furthermore, the TSPC is located at the southern limit, or even slightly southward, of 
the SVZ region where the effects of significant MASH processes and/or subduction erosion have 
been recognized (e.g., Hildreth and Moorbath 1988; Kay et al., 2005). The large sampled 
magmatic diversity and location of TSPC make it ideal to explore and elucidate SVZ mantle-
derived signatures.  
We use the exhaustive TSPC dataset, including comprehensive x-ray fluorescence (XRF) 
whole-rock data (many in Dungan et al., 2001), augmented with new inductively coupled 
plasma-mass spectrometric (ICP-MS) trace element abundances and Sr-Nd-Pb-Hf isotopic 
compositions to address questions of (1) how well we can “see through” the crustal processing at 
a continental arc volcano built on moderately thick crust, and (2) whether we can identify subarc 
mantle and subducted slab sources contributing to the magma production. We show that there are 
three primary mantle-derived end-member magma types at the TSPC and that these can be 
distinguished from the crustal overprinting. We further elucidate how they fit into regional 
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geodynamics, and distinguish interactions of subducted slab and behind-the-arc components with 
the Andean SVZ subduction modified mantle wedge. 
2.3. Background geology and setting 
The SVZ is the arc segment in the Andes located between 33-46°S produced by the 
subduction of the Nazca Plate (7-9 cm/yr) beneath the South American Plate. It is bounded by 
volcanic gaps formed by the subduction of the Juan Fernandez Ridge to the north and Chile Rise 
to the south. The portion of the SVZ on the Chilean mainland, between 33-41.2°S, is divided into 
three smaller segments (Fig. 2.1) by geologic parameters including changes in arc azimuth and 
shifts in the frontal arc volcano positions relative to the Andean crest (Wood and Nelson 1988; 
Dungan et al., 2001). In the southern SVZ segment at 36-41.2°S (according to the Dungan et al., 
2001 scheme), basaltic to basaltic andesite volcanic shields and cones overlie continental crust 
with a relatively constant thickness of 30-40 km and whose summit elevations rise to ~3.5 km 
(Hildreth and Moorbath 1988; Tassara 2005a; Tassara et al., 2006), whereas in the northernmost 
SVZ segment (33-34.5°S), andesitic and dacitic cones overlie thick crust between 50-60 km, and 
have summit elevations that rise as high as ~6.5 km at the northern end. In the northern segment, 
the thick crust, high summit elevations, and presence of highly evolved lavas, as well as the 
paucity of mafic compositions, have been explained by deep crustal contamination through 
MASH processes (Hildreth and Moorbath 1988) or by forearc crustal erosion and subsequent 
subduction (Stern 1991a). The more mafic lavas of the southern SVZ segment, on the other hand, 
are thought to represent the least crustally overprinted in the SVZ.  
The TSPC lies in a “middle” segment (34.5-36°S, Fig. 2.1, with crustal thicknesses of 40-50 
km), between the northern and southern SVZ segments. It is a large (~55 km3, ~250 km2) 
stratovolcanic complex located on the active volcanic arc front at 36°S, 70.9°W, and sits above
 












Figure 2.1: a) Regional map of the Southern Volcanic Zone (SVZ) of southern Chile and the 
location of the Tatara-San Pedro Complex (TSPC) study area plotted on a GeoMapApp base. 
Inset shows the position of the SVZ within South America. Arc segmentation scheme following 
Dungan et al., 2001: Tupungatito-Maipo segment (TSM, red triangles); Palomo-TSPC segment 
(PTS, green triangles); Longavi-Calbuco segment (LOS, blue triangles). Locations of large 
Payenia behind SVZ basaltic volcanoes (gray triangles) as well as prominent tectonic features 
are marked. Note the geographically expansive behind SVZ region east of the TSPC that is 
elevated. b) Depth to Moho vs. Latitude along the SVZ arc illustrates the crustal thickening from 
north to south. Moho depths are from Tassara et al., 2006. c) 87Sr/86Sr values from each volcano 
vs. Latitude along the SVZ. Sr isotopes are from an SVZ compilation of published literature data. 
References for data sources in the SVZ compilation are given in Appendix 2.C. 
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the projection beneath the arc of the subducted Mocha Fracture Zone (MFZ). TSPC overlies ~43 
km thick continental crust containing Tertiary age metavolcanic rocks and Miocene granitic 
plutons (e.g., Drake et al., 1982; Nelson et al., 1999; Lucassen et al., 2004; Tassara et al., 2006). 
The complex (described in detail by Dungan et al. 2001) is built by lavas erupted from several 
vents spanning ~930 kyr of volcanic activity and consisting of at least eight major lava 
sequences that are separated by magmatic and erosional hiatuses related to glacial cycles (Singer 
et al., 1997). Deeply incised canyons formed by glacial and fluvial erosion have provided for 
extensive vertical sampling from Holocene cap lavas to basement rocks (Singer et al., 1997; 
Dungan et al., 2001). Lavas range from primitive basalts to high SiO2 rhyolites, with basaltic 
andesites (52-56 wt.% SiO2) being the volumetrically dominant erupted lava composition. No 
long-term progressive evolutionary trend between successive lava sequences at the complex has 
been recognized, but individual lava sequences record internal differentiation trends (Dungan et 
al., 2001).  
2.4. Analytical methods and results 
We report new ICPMS trace element abundances and Sr-Nd-Pb-Hf isotope ratios 
(Supplemental Table S2.1) on over 70 TSPC lavas that represent the major eruptive stratigraphic 
sequences, with the exceptions given below, and include the most mafic and felsic lavas sampled 
at the complex. Major and trace elements of these samples, as well as a much more extensive set 
of samples, were measured by XRF spectroscopy (XRF) at the University of Massachusetts 
(Rhodes 1988) and are published in Dungan et al. (2001). New trace element abundances were 
determined using a Thermo X-Series quadrupole ICP-MS at Harvard University (Bezos et al., 
2009). For Sr, Nd, Pb, and Hf isotope ratios, element purification and isotopic measurements 
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were performed at the Lamont-Doherty Earth Observatory (LDEO). Details on the analytical 
methods are given in Supplemental Appendix A. The complete comprehensive TSPC whole-rock 
major, trace element and isotope dataset is compiled in Supplemental Table S2.2. For some of 
the samples, Sr and Nd isotope ratios were measured at the University of Durham and have been 
published (Davidson et al., 1987; Davidson et al., 1988). Those samples lack Pb and Hf isotope 
data and are noted in the data tables. Two chrono-stratigraphic sequences associated with the 
TSPC are not discussed in this contribution; these are the Volcan Pellado and Upper Placeta San 
Pedro Sequences. The Volcan Pellado Sequence erupted from a stratovolcano ~5 km NE of the 
San Pedro vent, and is currently poorly characterized in terms of its petrology and geochemistry. 
The Upper Placeta San Pedro Sequence, which erupted over a short period at ~235-240 ka, has 
been well-studied by Dungan and coworkers (Dungan et al., 2001; Dungan and Davidson 2004; 
Costa and Dungan 2005; Dungan et al., 2007). This lava sequence has geochemical systematics 
that differ from the rest of the mafic TSPC suite, and is discussed in a separate manuscript 
(Jweda et al., in prep., UPSPS).  
2.4.1. Major and trace elements  
Major element variations for whole-rock TSPC samples are illustrated in Figure 2.2. The 
TSPC lavas form an almost continuous compositional range from basalt (49.0 wt.% SiO2) to 
high-silica rhyolite (75.5 wt.% SiO2) with progressively decreasing Mg# (the molar ratio of 
Mg/(Mg+Fe2+) (Fig. 2.2a). MgO contents (7-11 wt.%) in some TSPC lavas are among the 
highest in the SVZ, shown in Supplemental Figure S2.1 (Mg# ranges from ~60-68, Fig. 2.2a). 
The compositional gap between the most silica rich (Los Lunes Rhyolite ~75 wt.% SiO2) and the 
next most silica rich lavas (Muñoz Dacite ~69 wt.% SiO2) represents eruptions ~100 kyr apart 
(Singer et al., 1997). The Los Lunes Rhyolite is the only TSPC lava sequence that can be
 








Figure 2.2: Major element variation diagrams. All sampled TSPC lavas from Dungan and 
coworkers are plotted as gray squares. a) SiO2 vs Mg #. Mg # was calculated as Mg # = 100 x 
molar MgO/(MgO + FeO) where all Fe was treated as FeO*. b) SiO2 vs K2O. Classification 
scheme following Gill (1981). c) AFM diagram where A = Na2O + K2O in wt.%, F = FeO* = 
0.899*(Fe2O3) in wt.%, and M = MgO in wt.%. Field boundaries after those of Irvine and 
Baragar, 1971. 
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modeled as a mixture of basalt and highly silicic magmas (Dungan et al., 2001). Significant 
scatter in SiO2 versus Mg# (Fig. 2.2a) is attributed to multiple magmatic differentiation pathways 
and the diversity of parent magmas at the TSPC (Dungan et al., 2001). According to igneous 
classifications (Irvine and Barager 1971; Gill 1981), TSPC lavas undergo calc-alkaline 
differentiation and the majority fall in the field of medium-K calc-alkaline basalts and basaltic 
andesites (Fig. 2.2b,c).  
Primitive-mantle normalized (McDonough and Sun 1995) trace element abundances of 
TSPC lavas are variable but largely characteristic of arcs globally (Fig 2.3). Large ion lithophile 
elements (LILE) and aqueous fluid-mobile elements are enriched over the rare earth elements 
(REE) and high field strength elements (HFSE). Nearly all TSPC lavas have positive anomalies 
in aqueous fluid-mobile elements such as Ba, Sr, and Pb. Nb-Ta depletions in mafic TSPC lavas 
are ubiquitous features, while only the most HFSE-depleted lavas show negative Zr and Hf 
anomalies. Overall, TSPC lavas span a wider range in major and trace element abundances than 
most of the other SVZ arc front volcanoes.  
2.4.2. Sr-Nd-Pb-Hf isotopes 
In contrast to the large variations in major and trace elements, Sr-Nd-Pb-Hf isotopic 
compositions in TSPC lavas are relatively restricted in the sense that the isotope ratios of TSPC 
basalts and basaltic andesites are not considerably different from more evolved lavas at the 
complex. Granitic plutons are exposed within the TSPC drainages and appear to underlie the 
complex (these are Cerro Risco Bayo, in the northern TSPC quadrant, and Huemul, located both 
north and south of the TSPC). Many of the subvolcanic granites near TSPC have 87Sr/86Sr values 
(range: ~0.7040-0.7046; Nelson et al., 1999) that overlap with Quaternary TSPC lavas (range: 
 











Figure 2.3: Trace element patterns of all ICP-MS analyzed TSPC lavas normalized to primitive 
mantle (McDonugh and Sun, 1995). Trace element patterns of TSPC magmas are characteristic 
of those of arcs globally, with enrichments in LREE, Sr and Pb and depletions in Nb-Ta. 
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~0.7038-0.7043), indicating that the upper crust beneath the TSPC is young and that crustal 
contamination has had a subdued affect on Sr isotopes. Although older crust may reside at depth, 
as evidenced by a few subsurface granites with higher 87Sr/86Sr values approaching ~0.7095 
(Nelson et al., 1999), TSPC magmas have not interacted substantially with such crustal rocks.  
TSPC isotopic compositions are compared to other SVZ volcanoes in Supplemental Figures 
S2.2 and S2.3. The 87Sr/86Sr ratios of TSPC lavas are generally lower than northern SVZ 
volcanoes (locations in Fig. 2.1; range: ~0.7044-0.7059) but similar to southern SVZ centers 
(range: ~0.7039-0.7043). 143Nd/144Nd values at the TSPC (range: ~0.51272-0.51282, εNd ~ 1.7-
3.8) are generally lower than the volcanoes in the southern SVZ segment (range: ~0.51280-
0.51295, εNd ~3.5-6.5) from Antuco to Osorno/Calbuco (SVZ compilation, Supplemental 
Appendix C), but they are higher than volcanoes in the northern SVZ (range: ~0.51251-0.51273, 
εNd ~-2.5-2.0) from Tinguririca to Tupungato. The Sr-Nd isotopes are consistent with the view 
that the TSPC is located in an “intermediate” and distinct section of the arc between the thicker 
crust to the north (where more crustally contaminated lavas erupt) and thinner crust to the south 
(Wood and Nelson 1988; Dungan et al., 2001). Pb isotope ratios of TSPC lavas are within the 
same narrow range (206Pb/204Pb ~18.56-18.63) as most published data from the middle and 
southern SVZ segments (~18.48-18.62, Fig. S2.2c), but have higher 206Pb/204Pb for the same 
208Pb/204Pb values (Fig. S2.3b). 176Hf/177Hf ratios (range: 0.28292–0.28301, εHf ~4.7-7.8) of 
TSPC lavas cannot yet be compared to other SVZ volcanoes due to lack of data. 
2.5. Discussion 
2.5.1. Distinguishing crustal contributions from slab and mantle wedge 
Many TSPC lavas have chemical, petrological and mineralogical features indicating open-
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system evolution with significant crustal input (Davidson et al., 1987; Davidson et al., 1988; 
Ferguson et al., 1992; Feeley and Dungan 1996; Feeley et al., 1998; Dungan et al., 2001; Dungan 
and Davidson 2004). In order to distinguish subducted slab and mantle contributions to the 
generation of TSPC magmas, we assess the impact of crustal assimilation and fractional 
crystallization, and filter out those compositions which are most affected in order to focus on the 
mafic magma suite.  
We use Rb/Y, following Dungan et al. (2001), as an indicator of open system processes. Rb 
is a highly incompatible element that is enriched in crustal rocks, whereas Y is moderately 
incompatible, behaving similarly to the HREE, and less enriched in the crust. Rb/Y is convenient 
to use because both elements are robust for XRF analyses, and the TSPC dataset has many more 
XRF than ICPMS analyses. As melts undergo fractional crystallization (FC), Rb/Y values 
increase only marginally, whereas assimilation-fractional crystallization (AFC) models show that 
contamination with felsic - high Rb rocks (e.g., granitoids) during differentiation of basaltic 
melts significantly increases Rb/Y ratios along with increasing SiO2. In Figure 2.4a, TSPC lavas 
follow several Rb/Y versus SiO2 trends. Those lavas that have low Rb/Y with increasing SiO2, 
indicate that FC dominates (for example, sample BP-4, Table S2.1, is identified as the FC end-
member), whereas other lavas that have high Rb/Y with increasing SiO2 and trend toward 
basement granitoid compositions, indicate significant felsic crustal contamination (sample 
QTPUM, Table S2.1, is identified as the AFC end-member). By applying simple quantitative 
AFC models (e.g., DePaolo 1981), and using the same parental magma and granitoid 
contaminant but different assimilation-to-crystallization rates (e.g., r = 0, 0.05, and 0.9), we 
illustrate how compositions of evolved TSPC lavas could be generated (Fig. 2.4b). Lavas 
dominated by FC (r = 0) are only be minimally enriched in Rb/Y, leaving them similar to mafic 
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Figure 2.4: TSPC lavas plotted with crustal rocks (pink diamonds) including basement granites 
from the Chilean Pacific margin (Lucassen et al., 2004), local granitic intrusive rocks, 
metavolcanic rocks, and partially melted xenoliths (Davidson et al., 1987, 1988; Nelson et al., 
1999). Mafic TSPC lavas (gray squares) are distinguished from evolved TSPC lavas (purple 
circles) using the filter (SiO2 < 56 wt.% and Rb/Y < 1.75).  a) SiO2 vs Rb/Y. Evolved lavas 
overlap with high Rb/Y crustal rocks. Arrows show empirical bounds on magma evolution via 
fractional crystallization (FC) and crustal contamination (AFC, assimilation-fractional 
crystallization) pathways.  FC and AFC end-member lavas are distinguished as triangles and 
stars, respectively.  b) Rb/Y vs Nb/Y. Evolved TSPC lavas follow a separate trend away from 
mafic lavas toward Andean and local crustal rocks. Using the AFC model from DePaolo 1981 
(eq. 6a), different crustal contamination and crystallization pathways are evaluated. The most 
primitive TSPC lava (QCNE.1) is contaminated by a nearby Huemul granitoid (SPP9232: Rb/Y= 
14.8, Nb/Y = 0.62) from Nelson et al., 1999. The AFC models assume crystallization of 10% 
opx, 5% spl, 65% plag, and 20% hbl to produce the most crustally contaminated lavas. Bulk 
partition coefficients are calculated from a compilation of crustal minerals (Claeson and Meurer 
2004). F refers to the fraction of liquid remaining and r is the ratio of assimilation rate to 
crystallization rate. Lower black line shows a high rate of assimilation (r = 0.9) of the Huemul 
granitoid versus the upper black line that has a low rate of assimilation (r =0.05). Simple FC is 
represented by the short red line at the bottom left of the diagram where r = 0.  Models show that 
the increase in Rb/Y content is mainly controlled by crustal contamination in the evolved lavas 
and that high assimilation rates can reproduce the AFC end-member lavas. Inset shows the 
evolutionary pathways of FC and AFC. 
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lavas, while significant AFC (e.g., r = 0.9) can reproduce the highest Rb/Y lavas in the TSPC. 
The simple AFC models reflect only one of many open system evolutionary paths, but in reality 
it is likely that evolved TSPC lavas represent numerous and complicated crustal processes 
involving lithologically diverse upper and lower crustal contaminants (Davidson 1987; Dungan 
et al., 2001). 
In order to filter out the effects of crustal processes that would otherwise obscure mantle-
slab source derived signatures, we use the SiO2-Rb/Y and Rb/Y-Nb/Y relationships (Fig. 2.4) to 
identify the most crustally over-printed lavas. We consider the evolved TSPC lavas to be those 
with >56 wt.% SiO2 and Rb/Y >1.75, because they are fractionated and crustally contaminated 
(evolved lavas are the purple circles in Fig. 2.4). These evolved lavas are not considered in the 
context of the mantle sources at the TSPC, but are briefly discussed here. As a group, the 
evolved TSPC lavas display subtle trace element and Sr-Nd-Hf isotopic trends that form arrays 
diverging away from the mafic suite (Fig. 2.4b and 2.5a,b). Many of the evolved lavas that are 
dominated by FC processes retain isotopic compositions similar to the mafic lavas, whereas 
those that show clear signs of crustal contamination (illustrated by high Rb/Y) fall off the mafic 
TSPC array. Because isotopes are not fractionated by magmatic differentiation processes, it 
stands to reason that FC dominated lavas are likely to isotopically fingerprint their mantle 
sources. Isotopic compositions of AFC dominated lavas, on the other hand, preserve signals from 
their interactions with the crust. We find that the AFC dominated evolved rocks show distinct, if 
somewhat subtle, trends in Sr-Nd-Hf isotopes and trace element ratios that diverge from the 
mafic rocks. Based on the subtlety of isotopic distinctions, we conclude that the assimilated crust 
directly below the TSPC is not old enough for significant isotopic divergence from the magmas 
that formed them, and that it is not strongly felsic. Although assimilation of mafic lower crust
 










Figure 2.5: Isotopic and trace element compositions of evolved lavas compared to mafic TSPC 
lavas. a) 87Sr/86Sr vs 143Nd/144Nd and b) Ce/Y vs 176Hf/177Hf both show subtle separations 
between evolved and mafic lavas. The FC-dominated end-member (BP-4) anchors one end of the 
evolved trend (isotopically identical to mafic lavas) and the AFC-dominated end-member 
(QTPUM) anchors the crustally contaminated end of the trend. c) 206Pb/204Pb vs 208Pb/204Pb. Pb 
isotopes of evolved lavas are indistinguishable from mafic lavas, but there is a trend from FC- to 
AFC-dominated evolved lavas toward more radiogenic Pb isotopes. 
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cannot be ruled out, its incorporation into ascending magmas probably has little impact on 
mantle-derived geochemical signals. The isotope ratios of evolved TSPC lavas are consistent 
with compositions of Late Mesozoic or Tertiary intrusions in the central SVZ (Lucassen et al., 
2004). Overall, the differences in Sr-Nd-Hf isotopic compositions between mafic and evolved 
lavas by themselves are too subtle to be used as the sole discrimination tool, but the separate 
trends support the notion that mafic magmas can be distinguished from evolved lavas impacted 
by crustal contamination.  
2.5.2. Characterization of mantle-derived end-members 
Utilizing the entire TSPC comprehensive dataset and grouping magmas according to 
common geochemical characteristics provides both a broad perspective of the geochemical 
variability at the volcano and a basis for exploring whether multiple mantle sources can be 
delineated. This approach contrasts with previous TSPC studies that have treated individual lava 
sequences (defined by Dungan et al. 2001) separately, in order to reconstruct magma evolution 
through the lifetime of different volcanic phases. Our approach filters out the crustally 
contaminated magmas in order to discern whether there are common mantle-derived 
compositions in mafic TSPC magmas that have erupted over the course of the volcano’s history. 
Based on systematic trace element and isotopic characteristics, we identify three main mafic 
TSPC magma end-members that we call the ‘low HFSE’, ‘TE enriched’ and ‘prevalent TSPC 
mantle’ magma compositional types. The primary geochemical properties of each magma type 
allow us to group together genetically related magmas and to evaluate their mantle sources as 
well as important petrogenetic features. The ‘type’ end-member magmas for the ‘low HFSE’ and 
‘TE enriched’ magmas are identified based on the most extreme trace element ratios in each 
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TSPC mantle-derived magma group (described in detail in Supplemental Appendix B), and do 
not necessarily represent parental magma compositions. 
Here we summarize the criteria used to categorize the mafic TSPC magma types (listed in 
Table 2.2), although each one is discussed in the following sections. One end-member shows 
extreme depletions in HFSE, and is designated as the ‘low HFSE’ magma type (Fig. 2.6, blue 
trace element patterns). This magma type has the lowest concentrations of aqueous fluid-
immobile incompatible elements, but the highest ratios of fluid-mobile/immobile elements at the 
volcano (for example, Sr/Ce >25 at low Rb/Y, Fig. 2.7a). The ‘low HFSE’ magmas form a 
distinct trend off the main TSPC array toward high Sr/Ce values (blue squares in Fig. 2.7a; we 
plot Sr/Ce rather than the more commonly used Sr/Nd, because both Sr and Ce are robust XRF 
elements, and there are many more XRF analyses than ICPMS analyses). A second end-member 
has high incompatible trace element abundances (Fig. 2.6, red patterns) and is designated as the 
‘TE enriched’ magma type. This group has strong enrichments in highly/moderately 
incompatible elements, and forms another distinct trend off the main TSPC array toward high 
Ce/Y values (>2.0, red squares in Fig. 2.7b; since Y is also a robust XRF element, we use Ce/Y 
to illustrate incompatible element enrichment). The third end-member is designated as the 
‘prevalent TSPC mantle’ magma type. It is the dominant group, containing most of the mafic 
TSPC magmas. ‘Prevalent TSPC mantle’ magmas have intermediate trace element abundances 
(Fig. 2.6, green patterns), and in contrast to the other two magma types, low to moderate Sr/Ce 
and Ce/Y values. A plot of these ratios (Fig. 2.7c) effectively separates the three magma types 
and indicates that the ‘prevalent TSPC mantle’ magmas generally lie in-between the others 
(green squares in Fig. 2.7c). Interestingly, the ‘low HFSE’ magmas do not particularly separate 
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Table 2.2: Chemical characteristics of the three end-member mantle-derived Tatara-San Pedro 
Complex magma groups. 
 
Magma group / 
differentiation ‘low HFSE’ ‘TE enriched’ ‘prevalent TSPC mantle’ 
Rb/Y 0.4-1.2 1.0-1.6 0.4-1.7 
Ce/Y 0.9-1.7 2.0-3.2 1.0-2.1 
La/Yb 4.5-8.3 11-16 5.8-10 
Sr/Ce 47-26 9.5-17 13-32 
Ce/Pb 2.1-4.0 4.6-7.0 1.8-6.4 
Nb/Y 0.08-0.18 0.33-0.48 0.11-0.32 
Zr/Hf 33-39 41-45 35-43 
Gd/Yb 1.9-2.3 2.3-2.9 1.8-2.5 
87Sr/86Sr 0.70379-0.70396 0.70397-0.70409 0.70390-0.70411 
143Nd/144Nd 0.51279-0.51281 0.51273-0.51277 0.51275-0.51282 
176Hf/177Hf 0.28297-0.283005 0.28292-0.28296 0.28296-0.283005 
 
 

























Figure 2.6: Trace element patterns of the three TSPC mantle-derived end-member magma 
compositions normalized to primitive mantle (McDonugh and Sun, 1995). End-member magmas 
are QCNE.1 and ESPW3.2 for the ‘prevalent TSPC mantle’ group (green), QCNE.1A and 







































Figure 2.7: Mafic TSPC magmas are sequentially identified as distinct TSPC mantle-derived 
compositional types. a) Rb/Y vs Sr/Ce. Two different ‘low HFSE’ magma groups are 
distinguished (see appendix B in supplementary material). b) Rb/Y vs Ce/Y. ‘TE enriched’ 
magmas are distinguished. c) Sr/Ce vs Ce/Y. The ‘prevalent TSPC mantle’ group is 
distinguished. Boundaries between mafic groups were decided upon with the combination of 
these diagrams. End-members were chosen based on criteria explained in the supplementary 
material. 
 























Figure 2.8: Nd-Hf-Sr isotopic variation diagrams for mafic TSPC magmas only. a) εNd vs εHf. 
b) 87Sr/86Sr vs εNd. c) 87Sr/86Sr vs εHf. Symbols are the same as in Figure 2.7. Typical 2σ 
external errors (Neptune measurements) are given for each isotope plot.  εNd and εHf values are 
calculated from CHUR estimates (Nd = 0.512630 and Hf = 0.282785) of Bouvier et al., 2008. 
 
 
  53 
 
from the ‘prevalent TSPC mantle’ magmas in Ce/Y (Fig. 2.6b), nor do the ‘TE enriched’ 
magmas separate from ‘prevalent TSPC mantle’ magmas in Sr/Ce (Fig. 2.7a). 
The radiogenic isotopes validate our division of the three mafic TSPC magma types 
according to the aforementioned trace element characteristics, because these same three types are 
also isotopic end-members. For example, there are clearly three end-member compositions 
shown by Sr-Nd and Sr-Hf isotopes (Fig. 2.8a,b), with ‘low HFSE’ magmas having the lowest 
87Sr/86Sr, ‘TE enriched’ magmas having the highest 87Sr/86Sr, and ‘prevalent TSPC mantle’ 
having intermediate 87Sr/86Sr values. Pb isotopes also clearly distinguish the ‘low HFSE’ 
magmas (Fig. 2.9), which are offset to higher 206Pb/204Pb ratios for given 207,208Pb/204Pb ratios, 
from the other magma groups, whereas the Pb isotopes do not convincingly separate the ‘TE 
enriched’ and ‘prevalent TSPC mantle’ magmas. Nd-Hf isotopes, in contrast, display a single 
positive covariation, with lower values in ‘TE enriched’ magmas and higher values in ‘prevalent 
TSPC mantle’ and ‘low HFSE’ magmas, suggesting the presence of only two Nd-Hf end-
member contributions rather than three (a key observation that is discussed below). Together, the 
combined trace element and isotopic characteristics of the mafic TSPC magmas show systematic 
variability that are used to decipher their mantle origins.  
2.5.2.1. The ‘low HFSE’ end-member 
The ‘low HFSE’ end-member magmas have the most depleted HFSE abundances (e.g. Nb-
Ta and Zr-Hf), the lowest abundances of aqueous fluid-immobile incompatible trace elements 
(Figs. 2.6, 2.10), and the lowest ratios of highly/moderately incompatible elements (e.g. high 
La/Yb, low Zr/Nb, Figs. 2.10, 2.11) at the TSPC. Comparisons of Nb and Zr are particularly 
useful for understanding these incompatible element depletions because during oceanic mantle 
melting, Nb is much more incompatible than Zr, and neither is mobilized by aqueous fluids (e.g., 
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Tatsumi et al., 1986; Woodhead et al., 1993; Brenan et al., 1995b). Thus, Zr/Nb ratios reflect the 
degree of melting and/or the degree of incompatible element depletion in the mantle source 
through melt extraction during partial melting. The high Zr/Nb ratios of ‘low HFSE’ magmas 
(~30-50, Fig. 2.10b) compared to primitive mantle (~16; McDonough and Sun 1995) as well as 
the low abundances of Nb and Zr, are consistent with a mantle melt-source considerably depleted 
in highly incompatible elements (Stern et al., 2006; Hebert et al., 2009). This depletion is further 
corroborated by low Nb/Ta ratios in ‘low HFSE’ magmas. Although Nb is slightly more 
incompatible during mantle melting, Nb and Ta have the same ionic charge, similar ionic radii, 
and thus almost the same solid/melt partitioning behavior (Green 1995; Green et al., 2000; Hui et 
al., 2011). As a consequence, Nb/Ta ratios in magmas closely reflect the ratio of the solid melt 
source. But such melting can leave fractionated Nb/Ta ratios in the melt residue, generating 
deviations from primitive mantle-like values (PM ~17.8). Compared to primitive mantle, the low 
Nb/Ta ratios of ‘low HFSE’ magmas (Nb/Ta ~14.5, Fig. 2.10a) is additional evidence of melt 
extraction, which has resulted in depletions of highly incompatible trace elements in the mantle 
source and therefore enrichment of Ta over Nb in the residue.  
Along with depletions in fluid-immobile trace elements, the ‘low HFSE’ magmas have 
strong enrichments in aqueous fluid-mobile elements relative to REE and HFSE (Fig. 2.6). Such 
enrichments are typical of arc lavas and are attributed to flux-melting of the mantle wedge 
triggered by a solute-rich fluid or aqueous fluid-rich silicate melt, derived from slab dehydration 
and infiltration of the wedge (e.g., Tatsumi et al., 1986; Miller et al., 1994; Hawkesworth et al., 
1997; Kogiso et al., 1997; Class et al., 2000; Kessel et al., 2005; Plank et al., 2009). 
Experimental studies indicate that Ba, Sr, and Pb are concentrated in slab fluids due to their high 
solubilities at temperatures >700°C (Kessel et al., 2005; Klimm et al., 2008). Comparing ratios
 










Figure 2.9: Pb isotopic variation diagrams for mafic TSPC magmas only. a) 206Pb/204Pb vs 
208Pb/204Pb. b) 206Pb/204Pb vs 207Pb/204Pb. c) 87Sr/86Sr vs 207Pb/204Pb. Symbols are the same as in 
Figure 2.7. Typical 2σ external errors (Neptune measurements) are given for each isotope plot. 
 












Figure 2.10: a) Nb vs Nb/Ta, b) Nb vs Zr/Nb, and c) Nb vs Sr for mafic TSPC magmas. Symbols 
are the same as in Figure 2.7. Plots show the fluid-immobile trace element depletion and 
accompanying fluid-mobile enrichments in the ‘low HFSE’ magmas. 
 


















Figure 2.11: Fluid-immobile trace element ratio relationships with Nd-Hf isotopes in mafic 
TSPC magmas. a) La/Yb vs εNd and b) Zr/Hf vs εHf. Symbols are the same as in Figure 2.7. 
While ‘low HFSE’ magma isotopes are within the same range of ‘prevalent TSPC mantle’ 
magmas, they have the most depleted fluid-immobile trace element ratios. There is a good 
correspondence between low Nd-Hf isotopes and fluid-immobile element enrichment in the ‘TE 
enriched’ magmas. 
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 of aqueous fluid-mobile/immobile trace elements that behave similarly during anhydrous partial 
melting (e.g., Ba/La, Sr/Nd, Pb/Ce) is a means to assess the impact of solute-rich fluid addition 
to the mantle wedge (e.g., Miller et al., 1994; Elliott et al., 1997; Elliott 2003).  
While all mafic TSPC rocks show enrichments in aqueous fluid-mobile elements such as 
Ba, Sr, and Pb, fluid-mobile element enrichment is particularly striking in the ‘low HFSE” 
magmas. For example, Sr/Ce ratios in ‘low HFSE’ magmas at low Rb/Y extend toward high 
values and form a trend away from the majority of other mafic TSPC magmas (Fig. 2.7a). The 
elevated Sr/Ce (>40) ratios of this group are similar to magmas in ‘wet’ arcs such as New Britain 
and the Marianas (Woodhead et al., 2001). ‘Low HFSE’ magmas are also enriched in Ba/La and 
Pb/Ce ratios (Fig. 2.12), which are often used to evaluate solute-rich fluid input (e.g., Elliott 
2003). Despite low Ba abundances in the TSPC, the ‘low HFSE’ magmas nevertheless have 
similar Ba/La (25-35) and Pb/Ce (0.25-0.5) ratios as those lavas in ‘wet’ arcs. Correlations 
between high Sr/Ce, Pb/Ce, and Ba/La (Fig. 2.12), support the notion of a major role for slab-
derived fluid fluxing of the mantle wedge in the formation of these magmas (e.g., Miller et al., 
1994; Elliott et al., 1997).  
High Sr/Ce in continental arc settings can also be generated by plagioclase accumulation 
during fractional crystallization (Vukadinovic 1993; Leat et al., 2003), which we rule out here 
for the following reasons. In the TSPC, despite high Al2O3 contents in many of the ‘low HFSE’ 
lavas, the petrography (in this case, the F and ω3 lava series in Dungan et al., 2001) indicates that 
they contain low plagioclase (phenocrysts and groundmass) abundances compared to the 
majority of mafic TSPC lavas. Dungan et al. (2001) also noted that the mineral assemblages of 
these lavas were consistent with “either differentiation at high pressure (Grove and Kinzler 1986) 
or fractionation of a water-rich magma (Gaetani et al., 1993)”. A quantitative assessment of 
 



























Figure 2.12: Fluid-mobile trace element relationships in mafic TSPC magmas. a) Sr/Ce vs Pb/Ce 
and b) Sr/Ce vs Ba/La. Symbols are the same as in Figure 2.7. There is a good correspondence 
between Ba, Sr, and Pb enrichments in ‘low HFSE’ magmas compared to La and Ce (fluid-
immobile, LREE). Sr and Pb appear to be added more readily by slab-derived fluid-fluxing to the 
source of ‘low HFSE’ magmas than is Ba. 
 
 

























Figure 2.13: a) Sr/Ce vs Sr/Th. A simple plagioclase accumulation model is illustrated by the 
black curve. Plagioclase accumulation is modeled as fractional crystallization of a parental basalt 
with ol:opx:cpx:plag in the proportions 50:5:20:25, with Sr = 400 ppm, Ce = 24 ppm, and Th = 
3.5 ppm. Partition coefficients are from a compilation by Claeson and Meurer, 2004. The tick 
marks represent percent of liquid crystallized. Only at unreasonably high degrees of 
crystallization does the model account for some of the excess Sr in ‘low HFSE’ magmas. Sr is 
most likely added to the source of these magmas by an aqueous slab-derived fluid. Plagioclase 
accumulation is further ruled out by the lack of plagioclase in the groundmass or phenocrysts of 
these lavas. Symbols are the same as in Figure 2.7. b) Mixing calculations for Sr/Y vs Ce/Y in 
mafic TSPC magmas. Black lines represent mixing between end-member ‘prevalent TSPC 
mantle’ (QTW12.25) and the other end-member magmas (‘TE enriched’ = 03QC.16, ‘low 
HFSE’ type 1 = QTW14.9, and ‘low HFSE’ type 2 = EMU3.27). 
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plagioclase accumulation through fractionation of a relatively un-differentiated basaltic melt of a 
‘prevalent TSPC mantle’ end-member cannot reproduce the high Sr/Ce at high Sr/Th ratios in the 
‘low HFSE’ magmas (Fig. 2.13a). Moreover, Sr isotope ratios are different between ‘low HFSE’ 
and ‘prevalent TSPC mantle’ magmas (Fig. 2.8b,c), and covary with increasing Sr/Nd (Fig. 
2.14a), showing that the extra Sr in the ‘low HFSE’ magmas is not a result of fractional 
crystallization. These observations indicate that the excess Sr must be delivered to the ‘low 
HFSE’ mantle source by a hydrous melt or fluid contribution. 
Because Sr and Pb are both radiogenic isotope tracers as well as aqueous fluid-mobile 
elements (Brenan et al., 1995b; Ayers 1998; Kessel et al., 2005; Klimm et al., 2008), the source 
of the solute-rich fluid can be ascertained from relationships between these elements and their 
isotopes (e.g., Miller et al., 1994; Ishikawa and Tera 1999; Class et al., 2000; Turner and Foden 
2001; Handley et al., 2007; Straub et al., 2009). For mafic TSPC magmas, an important 
relationship is the negative correlation between Sr isotopes and increasing Sr/Nd values (Fig. 
2.14a; because samples with Sr isotope analyses also have ICPMS trace element analyses, we 
can compare them with Sr/Nd rather than Sr/Ce). As a whole, these magmas also exhibit a 
negative correlation between Pb isotopes and increasing Pb/Ce ratios (illustrated in Fig. 2.14b 
using 207Pb/204Pb; the same goes with 208Pb/204Pb, but not shown), as well as a positive 
correlation between 87Sr/86Sr and 207Pb/204Pb (Fig. 2.9c). In all of these cases, ‘low HFSE’ 
magmas plot at the high aqueous fluid-mobile element enriched end of the trend (e.g., Sr/Nd ~70 
and Pb/Ce ~0.5), which is also associated with the lowest 87Sr/86Sr (~0.7038), 207Pb/204Pb 
(~15.59), and 208Pb/204Pb (~38.44) values at the TSPC.  
Distinct relationships between low 87Sr/86Sr-high Sr/Nd and low 207,208Pb/204Pb-high Pb/Ce 
in the ‘low HFSE’ magmas (Fig. 2.14) indicate that the mantle source of these magmas has
 



















Figure 2.14: Sr-Pb isotopic relationships with fluid-mobile trace elements for mafic TSPC 
magmas. a) Sr/Nd vs 87Sr/86Sr and b) Ce/Pb vs 207Pb/204Pb. Symbols are the same as in Figure 
2.7. There is a strong correlation between high Sr/Nd and low Sr isotopes indicating that the 
source of the fluid has low 87Sr/86Sr. The correlation between low Ce/Pb and low 207Pb/204Pb 
indicates that the fluid source is also has un-radiogenic 207Pb/204Pb. 
 





Figure 2.15: Regional Sr-Nd and Pb isotopic compositions. a) 87Sr/86Sr vs 143Nd/144Nd and b) 
206Pb/204Pb vs 208Pb/204Pb. c and d show zoomed in isotopic compositions of TSPC magmas and 
regional geochemical reservoirs. Symbols for TSPC magmas are the same as in Figure 2.7. 
Pacific MORB is a data compilation from across the Pacific Ocean using PetDB. JFm (Juan de 
Fernandez microplate) and CR (Chile Rise) MORB are highlighted because of their proximity 
and likely subduction at the Chilean Trench. Compositions of Chajan basalts are from Lucassen 
et al. (2002); Payenia basalts are from Kay et al. (2004), Kay et al. (2006a), Kay and Copeland 
(2006), Bertotto et al. (2009), and Kay et al. (2013); Somuncura basalts are from Kay et al. 
(2007); trench sediments are from Lucassen et al. (2010); and Chile Rise (CR) and Juan de 
Fernandez microplate (JFm) MORB are from PetDB. The mafic SVZ is a filtered (SiO2 < 56 
wt.% and Rb/Y < 1.75) version of the SVZ compilation from Appendix 2.C. 
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received extra fluid-fluxing and that the fluid must originate from a source with low 87Sr/86Sr and 
207,208Pb/204Pb isotope ratios. The Sr and Pb isotopes in ‘low HFSE’ magmas preclude significant 
Sr and Pb contributions from subducted Chilean trench sediment-derived fluid because the 
87Sr/86Sr (>0.7042) and 207,208Pb/204Pb (>15.61 and >38.52, respectively) values of subducted 
sediments (Lucassen et al., 2010) are well above those in the ‘low HFSE’ magmas (Fig. 2.15), 
and their involvement would generate covariations between high Pb/Ce and high 207,208Pb/204Pb 
that are opposite to those observed (Fig. 2.14). An important aspect of the Pb isotopes (Fig. 2.9) 
is that the ‘low HFSE’ magmas are separate from the TSPC array defined by the ‘prevalent 
TSPC mantle’ and ‘TE enriched’ groups (Fig. 2.9), such that 206Pb/204Pb ratios are higher for a 
given 207,208Pb/204Pb ratio compared to the main array. Based on the Sr- and Pb isotopic trends of 
‘low HFSE’ magmas toward subducted Nazca Plate mid-ocean ridge basalts (MORB), whose Pb 
isotopes form a parallel trend in Pb isotope space with higher 206Pb/204Pb values than TSPC 
magmas (Fig. 2.15), the most likely source of fluid-mobile element addition to the ‘low HFSE’ 
source is contributions from solute-rich fluid released by dehydration of the subducted oceanic 
basaltic crust.  
In summary, the primary geochemical characteristics of the ‘low HFSE’ magmas include 
the most extreme depletions in the HFSE, low abundances of fluid-immobile trace elements, low 
ratios of highly/moderately incompatible fluid-immobile elements (e.g., low Ce/Y), high ratios 
of aqueous fluid-mobile/immobile elements (e.g., Sr/Ce, Pb/Ce, Ba/La), and the lowest 87Sr/86Sr 
and 207,208Pb/204Pb isotope ratios at the TSPC. Together these characteristics suggest that the ‘low 
HFSE’ magmas represent melts of a mantle wedge source that has undergone previous trace 
element depletion by silicate melt extraction, and subsequent fluxing by solute-rich fluids 
released by downgoing Nazca MORB. Mass balance trace element partial melting modeling of 
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‘low HFSE’ magmas, discussed in Supplemental Appendix D and shown in Figures S2.6 and 
S2.7, are consistent with a melting scenario in which a ‘prevalent TSPC mantle’ source is 
inefficiently depleted and then re-melted. These ‘low HFSE’ magmas have some of the highest 
Sr/Ce and (Fig. 2.16) lowest 87Sr/86Sr ratios (Fig. 2.15) in the SVZ, suggesting that they receive 
one of the strongest doses of MORB-derived solute-rich fluid addition to the SVZ mantle wedge. 
The unusually high fluid signal in the TSPC might be a consequence of the dehydration of large 
volumes of serpentine on the subducted MFZ.  
2.5.2.2. The ‘TE enriched’ end-member 
The TSPC ‘TE enriched’ end-member magmas are distinguished as those mafic magmas 
having the highest incompatible element abundances (including the HFSE, Fig. 2.6), as well as 
the highest LREE/HREE and HFSE/HREE ratios at the TSPC (Figs. 2.7, 2.11, 2.17). The ‘TE 
enriched’ magmas clearly separate from the main mafic TSPC array toward high Ce/Y ratios at 
low Rb/Y, indicating an incompatible element enriched mantle source as opposed to crustal 
involvement (Fig. 2.7b). The elevated MREE/HREE ratios and steeper HREE trace element 
patterns compared to the other magmas (Figs. 2.6, 2.17c) also indicate a small garnet 
fractionation effect in the ‘TE enriched’ magmas. These incompatible trace element enrichments 
are accompanied by the lowest Nd-Hf isotope ratios and highest 87Sr/86Sr-207,208Pb/204Pb ratios at 
the complex (Figs. 2.8, 2.9). The distinctive character of the ‘TE-enriched’ end-member is 
further reinforced by its extreme position in the negative correlation between LREE/HREE and 
Nd isotopes (Fig. 2.11), showing both the highest La/Yb and lowest Nd isotope ratios.  
The presence of an ‘enriched mantle’ composition in the SVZ subarc wedge was recognized 
by the MIT-based studies in the 1970’s and 1980’s on the basis of progressive increases in 
incompatible element abundances and decreases in aqueous fluid-mobile element abundances in
 














Figure 2.16: Regional comparison of Sr/Ce vs Ce/Y. Symbols are the same as in Figure 2.15. 
Llaima and Villarrica are shown as blue triangles. Mafic TSPC magmas are among the highest 
Sr/Ce and Ce/Y ratios in the SVZ. The ‘prevalent TSPC mantle’ magmas closely resemble 

















Figure 2.17: Diagrams showing the fluid-immobile trace element enrichments in ‘TE enriched’ 
magmas and their chemical affinities toward behind-the-arc basalts. a) La/Yb vs Zr/Nb, b) Ce/Y 
vs La/Sm, c) La/Yb vs Gd/Yb, and d) Zr/Hf vs La/Hf for mafic TSPC lavas. Symbols for the 
TSPC magmas are the same as in Figure 2.7 and symbols for regional geochemical reservoirs are 
the same as in Figure 2.15. Pink arrows show the trajectory of ‘TE enriched’ magmas toward 
Chajan basalts. 
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lavas erupted west-to-east across the arc (e.g., Lopez-Escobar et al., 1977; Hickey et al., 1986; 
Hickey-Vargas et al., 1989). Hickey-Vargas et al. (1989) posited that the LREE/HREE 
enrichments eastward of the arc front at the Villarrica-Lanin volcanic chain were a result of 
smaller degrees of partial melting due to decreased slab-derived fluid input, or increased 
contributions from melts of sub-continental lithospheric mantle (SCLM). They attributed the 
trace element enrichment in the SCLM to the incorporation of disaggregated subducted crust 
entrained in the mantle wedge, which imparts OIB- or sediment-like characteristics on arc 
magmas.  Compared to other SVZ lavas relatively uncontaminated by crustal processes (same 
mafic filter of Rb/Y <1.75 and <56 wt.% SiO2), the ‘TE enriched’ magmas at TSPC have the 
highest abundances of LREE, HFSE, and LREE/HREE in the arc front, most clearly manifesting 
an ‘enriched mantle’ signature (Figs. 2.16, 2.17). Since there is currently no consensus on the 
origin of ‘enriched mantle’ in the SVZ, identifying the ‘TE enriched’ mantle source at the TSPC 
can provide important clues about regional arc magmatism.  
The two most commonly attributed sources of ‘enriched’ geochemical signatures in arc 
magmas globally are subducted trench sediments or slab melts. Incorporation of subducted 
sediments, and/or melts derived from them, often generate incompatible element enrichments 
and isotopic trends in arc magmas toward local sediment compositions (Plank and Langmuir 
1993; Plank and Langmuir 1998). Sediment contributions to arc magmas have been identified in 
several arcs, including the Lesser Antilles (e.g., Carpentier et al., 2008), Izu-Mariana (e.g., Elliott 
et al., 1997; Chauvel et al., 2009), Sunda (e.g., Turner and Foden 2001; Handley et al., 2007), 
and Aleutians (e.g., Kay et al., 1978; McCulloch and Perfit 1981; Miller et al., 1994; Class et al., 
2000; Singer et al., 2007). However, TSPC ‘TE enriched’ magmas do not reflect direct 
contribution of locally subducted sediments. The ‘TE enriched’ magmas have lower Nd-Sr 
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isotope ratios than Chilean trench sediments (Lucassen et al., 2010) and also do not exhibit 
trends toward those subducted sediments (Fig. 2.15). Likewise, partial melting of the young, hot 
Nazca basaltic oceanic crust is a potential source for incompatible trace elements. However, the 
‘TE-enriched’ magmas have enrichments in highly/moderately incompatible elements that 
correlate with the lowest Nd and Hf isotopes at the TSPC (Figs. 2.8c, 2.11). These observations 
are opposite of those that are expected of melt contributions from the basaltic oceanic crust, 
which would have high Nd-Hf isotopes correlated with high La/Yb and Zr/Hf. And while the Sr-
Nd and Pb isotopes in ‘low HFSE’ magmas clearly reflect contributions from subducted Nazca 
MORB, the ‘TE enriched’ magmas have the least MORB-like Sr and Pb isotopes at the TSPC. 
Together, these considerations rule out the role of subducted sediments and melts from the 
subducted MORB in forming the ‘TE enriched’ end-member.  
Contributions from enriched mantle outside the subduction regime are an alternative 
explanation for the source of ‘TE enriched’ magmas. The Cenozoic Patagonian Basalts are a 
large behind-the-arc volcanic province located ~500 km east of the Chilean trench but stretching 
intermittently along the eastern margin of the SVZ (e.g., Stern et al., 1990; Kay et al., 2004; Kay 
et al., 2006a; Kay and Copeland 2006; Kay et al., 2006b). Recent geochemical investigations of 
several small eruptive centers within the Payenia Volcanic Province (Bertotto et al., 2009; Kay et 
al., 2013), part of the SVZ behind-arc volcanism in Argentina at ~36.5°S, and almost directly 
east of the TSPC, provides a regional context for mantle sources that could be involved in SVZ 
magmatism. Many of these behind-the-arc basalts show minimal crustal contamination, high 
MgO contents, elevated abundances of REE and little depletion in Nb-Ta. They are interpreted as 
low degree partial melts of enriched mantle within the garnet stability field (Bertotto et al., 
2009). Geochemical (La/Yb~10-15, Zr/Hf ~40-50 in Payun Matru basalts; Germa et al., 2010) 
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and geophysical evidence further suggests that much of the Payenia Province may be associated 
with an enriched mantle source from hot, upwelling asthenosphere (Stern et al., 1990; Kay et al., 
2004; Kay et al., 2006a; Bertotto et al., 2009; Germa et al., 2010; Ramos and Folguera 2011; 
Gudnason et al., 2012). Limited Sr-Nd isotopic analyses of cratonic or less subduction affected 
Payenia basalts are also consistent with the involvement of enriched mantle in generating 
behind-the-arc basalts (Kay et al., 2004; Kay et al., 2006a; Kay et al., 2007; Bertotto et al., 2009; 
Kay et al., 2013). Kay et al., 2013 suggested that the enriched signature of these lavas derives 
from the incorporation of subduction erosion materials into the mantle wedge.  
However, the presence of enriched Brazilian Shield basalts (Lucassen et al., 2002) indicate 
the additional existence of other enriched mantle sources below South America. The most 
extreme enriched mantle signatures are found in Cretaceous to early Tertiary mantle-derived rift 
basalts from Chajan (at 32-34°N in Argentina), ~500-600 km east of the arc front and northeast 
of the TSPC (Lucassen et al., 2002). Chajan basalts have very high La/Yb~70, Zr/Hf~47, and 
Dy/Yb~4.0 ratios (shown in Fig. 2.17) as well as distinctively low Nd (~0.5124, εNd ~ -5) and 
high Sr (~0.7042) isotope ratios (Fig. 2.15). These basalts are characteristic of the enriched 
mantle beneath the Brazilian Shield (Lucassen et al., 2002). Enriched behind-the-arc basalts from 
both Chajan and Payenia confirm the existence of trace element and isotopically enriched mantle 
east of the SVZ beneath the South American continent for at least tens of millions of years.  
It is conceivable that components of these mantle sources have migrated via convection 
westward to the arc front where could melt and mix with the ‘prevalent TSPC mantle’ end-
member. In fact, the ‘TE enriched’ magmas have strong geochemical affinities with some of the 
SVZ behind-the-arc basalts, which are enriched in fluid-immobile incompatible element 
abundances and highly/moderately incompatible element ratios. Comparison of ‘TE enriched’ 
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magmas to behind-the-arc basalts (Fig. 2.17) effectively illustrates these affinities, where plots of 
several trace element ratios show the trend of ‘TE enriched’ magmas toward enriched Chajan 
and cratonic Payenia behind-the-arc basalts. High La/Yb, La/Sm, Nb/Zr, La/Hf, and Zr/Hf ratios 
in both ‘TE enriched’ and behind-the-arc basalts reflect a common enriched source composition. 
Zr/Hf ratios are particularly diagnostic of mantle source compositions because, like Nb/Ta 
previously discussed, these elements cannot be easily fractionated during melting and thus 
faithfully preserve their source signatures in the generated magmas, but can show fractionations 
in melt residues. The positive correlation in ‘TE enriched’ magmas between La/Hf and Zr/Hf 
(Fig. 2.17d) and their trend toward behind-the-arc basalts is consistent with incorporation of an 
enriched mantle source for the ‘TE enriched’ end-member. Another particularly compelling 
feature is that the Sr-Nd and Pb isotopic compositions of ‘TE enriched’ magmas trend toward 
enriched Chajan rift basaltic values (Fig. 2.15). Accounting for these trace element and isotopic 
compositions, we propose that the ‘TE enriched’ magmas are derived from a mixture of 
‘prevalent TSPC mantle’ with ‘blobs’ of enriched (possibly Chajan-like) behind-the-arc mantle 
sources, or melt veins associated with this enriched mantle. 
2.5.2.3. ‘Prevalent TSPC mantle’ 
The majority of mafic TSPC magmas fall within the ‘prevalent TSPC mantle’ end-member 
type. These magmas are clearly recognizable as a distinct group in plots that distinguish between 
the enrichments in fluid-mobile/immobile elements (e.g. Sr/Ce) characterizing ‘low HFSE’ 
magmas and the enrichments of highly/moderately incompatible elements (e.g. Ce/Y) that 
distinguish ‘TE enriched’ magmas (e.g., Fig. 2.7c). The end-member magmas that best reflect 
this group generally have intermediate elemental abundances and ratios compared to the other 
mafic magma end-members (Fig. 2.6). ‘Prevalent TSPC mantle’ magmas also have intermediate 
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Sr-Pb isotopes that are higher than the ‘low HFSE’ group but overlap with or are only slightly 
lower than the ‘TE enriched’ group (Fig. 2.9c). Nd-Hf (fluid-immobile) isotope ratios of 
‘prevalent TSPC mantle’ extend to the highest values at the TSPC, and form a broad field that 
includes the ‘low HFSE’ group (Fig. 2.8c). Binary mixing between end-member magmas of ‘low 
HFSE’ and ‘TE enriched’ groups in trace element ratios (such as Ce/Y vs. Sr/Y; Figs. 2.7c, 
2.13b) fail to generate the ‘prevalent TSPC mantle’ end-member magmas, requiring that these 
magmas be sourced by a distinct mantle composition rather than produced by interactions 
between the other two mafic TSPC end-members.   
Based on combined geochemical-stratigraphic relationships between the end-member 
groups, which give clues to the interactions between different sources and spatial distributions 
beneath the TSPC, we conclude that the ‘prevalent TSPC mantle’ magmas reflect a ‘common’ 
source composition in the upper mantle wedge beneath the volcanic complex. A key observation 
is that ‘low HFSE’ and ‘TE enriched’ magmas do not show clear geochemical interactions with 
each other, but each one shows mixing relationships with the ‘prevalent TSPC mantle’ to form a 
compositional continuum (Figs. 2.7c, 2.13b). Another important insight, discussed below, is that 
‘prevalent TSPC mantle’ magmas are erupted in every stratigraphic sequence, whereas all three 
groups rarely erupted contemporaneously. These constraints suggest that (1) the ‘prevalent TSPC 
mantle’ group represents a ubiquitous source that contributes to most TSPC magmas, and (2) the 
‘low HFSE’ and ‘TE enriched’ magmas and/or sources are separated spatially and do not 
communicate directly.   
 Evidence that this end-member represents a ‘prevalent’ mantle source beneath the TSPC 
comes from comparing it to other SVZ magmas. Volcán Llaima and Villarrica (at ~38.6 and 
~39.4°S, respectively, and located ~310 and ~370 km south of the TSPC, respectively) are two 
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prominent southern SVZ volcanoes whose magma chemistries closely resemble the ‘prevalent 
TSPC mantle’ end-member. Both volcanoes overlie thinner crust (~39 km), and have smaller 
variations in incompatible trace element ratios, as well as lower Rb/Y ratios than their volcanic 
northern SVZ counterparts. Their eruptive products are thought to represent less crustally 
contaminated SVZ mantle-derived melts (Hickey et al., 1986; Hildreth and Moorbath 1988). 
‘Prevalent TSPC mantle’ magmas have compositions similar to these southern SVZ magmas in 
terms of fluid-mobile and fluid-immobile highly/moderately incompatible trace element ratios 
(Fig. 2.16, blue triangles), although the TSPC is slightly more incompatible element (e.g., 
LREE/HREE) enriched. Furthermore, ‘prevalent TSPC mantle’ magmas have εNd values (εNd 
~4), similar to those of Llaima and Villarrica (εNd ~5) at about the same Sr isotopic 
compositions. Geochemical similarities between these volcanoes imply that the ‘prevalent TSPC 
mantle’ end-member represents a common mantle wedge composition beneath the TSPC, which 
is comparable to the mantle sources of other SVZ volcanoes. This common mantle mixes with 
various proportions of slab- and mantle-derived components (e.g. in the TSPC, the solute-rich 
fluids of the ‘low HFSE’ end-member, or the enriched mantle sources of the ‘TE enriched’ end-
member), and the magmas formed are subsequently modified to varying extents by crustal 
processes along the arc. 
The ubiquity of ‘prevalent TSPC mantle’ magmas indicates that they are the best 
representatives of mantle wedge beneath the TSPC. Their trace element and isotopic 
characteristics (Figs. 2.6, 2.15, 2.16, 2.17) show that the composition of the mantle wedge is far 
removed from asthenospheric mantle, represented by Nazca Plate MORB. Rather, the SVZ 
mantle wedge must be substantially modified by subduction, with enrichments in both fluid-
mobile and incompatible elements, as suggested by previous studies (e.g., Hickey et al., 1986; 
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Davidson et al., 1988; Hickey-Vargas et al., 1989; Sigmarsson et al., 1990; Hickey-Vargas et al., 
2002; Sigmarsson et al., 2002; Lucassen et al., 2006; Reubi et al., 2011). Substantial subduction 
modification of the SVZ mantle wedge is expected because subduction initiation along the 
western edge of South America began at ~180 Ma, and has continued to the present, even 
through the breakup of the Farallon Plate into the Cocos and Nazca Plates at ~27 Ma (e.g., Stern 
2004; Kay et al., 2005; Ramos and Kay 2006). It stands to reason that this protracted period of 
subduction has severely modified the mantle below the SVZ through the addition of slab 
components, including subducted sediments and solute-rich fluids, which have left an indelible 
signature on the composition of the mantle and on the magmas produced. Generating the 
‘prevalent TSPC mantle’ composition through the addition of these components is addressed in 
Jweda et al. (in prep.- prevalent mantle).  
2.5.3 Conceptual model of mafic lava source relationships at the TSPC  
The mantle framework below the TSPC is constrained by several important geochemical 
characteristics. Mantle source signatures in mafic TSPC magmas are clearly retained, despite 
evidence for crustal overprinting in more evolved magmas resulting from open system processes 
in the ~43 km thick continental crust beneath the volcanic complex. The three identified mafic 
magma end-member compositions represent components from three distinct mantle-derived 
sources which include: (1) the ‘low HFSE’ magmas, derived from a trace element depleted 
mantle source fluxed by solute-rich fluid; (2) the ‘TE enriched’ end-member, related to behind-
the-arc magmatic sources that are advected to the arc front by convection; and (3) the ‘prevalent 
TSPC mantle’ group, representing melts of the ‘prevalent’ subduction-modified mantle wedge 
beneath the TSPC.  
 













Figure 2.18: Schematic illustration of mafic magma generation from mantle sources beneath the 
TSPC. Mafic magmas are produced from three main sources: the ‘prevalent TSPC mantle’ 
(green), a ‘low HFSE’ source (blue), and a ‘TE enriched’ source (red). Melting is triggered by 
slab-derived fluid fluxing of the mantle wedge. Most TSPC magmas are melts of the long-term 
subduction-modified ‘prevalent TSPC mantle.’ The ‘TE enriched’ magmas are generated from 
enriched behind-the-arc mantle that has been entrained in the convecting mantle wedge and 
advected trenchward toward the arc front where it has melted due to decompression and 
interacted with the ‘prevalent TSPC mantle.’ The ‘low HFSE’ magmas represent a ‘prevalent 
TSPC mantle’ source that was previously depleted (melt extraction) and then subsequently 
fluxed recently by JFm MORB fluid and re-melted. 
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An important observation is that TSPC magmas fall on a single binary trend in Nd-Hf 
isotopes, but form three distinct end-members in Sr-Nd isotopes, and in Pb isotopes. In Nd-Hf 
isotope space, the ‘TE enriched’ magmas have the lowest values and plot at one end, while the 
‘low HFSE’ and ‘prevalent TSPC mantle’ magmas have higher values and plot at the other 
extremity (Fig. 2.8c). Because Nd and Hf are aqueous fluid-immobile elements, we interpret the 
correspondence of Nd-Hf isotopic fingerprints between ‘prevalent TSPC mantle’ and ‘low 
HFSE’ magmas as indicating that fluid-immobile elements in these two groups are ultimately 
derived from the same mantle source. The primary differences between these latter two magma 
types are that ‘low HFSE’ magmas exhibit greater depletions in fluid-immobile incompatible 
elements and higher ratios of fluid-mobile/immobile elements, as well as lower 87Sr/86Sr and 
lower 207,208Pb/204Pb (at higher 206Pb/204Pb) than ‘prevalent TSPC mantle’ magmas. Lower 
LREE/HREE and Zr/Hf (Figs. 2.7, 2.11, 2.17) in ‘low HFSE’ magmas attest to a mantle source 
depleted in incompatible elements, whereas the enrichments in fluid-mobile/immobile elements 
(e.g., Sr/Nd, Pb/Ce, Ba/La, Figs. 2.12, 2.14) are produced by the addition of an extra dose of a 
hydrous fluid-rich component. The Sr-Pb isotopic fingerprints of ‘low HFSE’ magmas are 
consistent with this fluid-rich contribution being derived from subducted regional Pacific MORB 
(Fig. 2.15). We conclude that the source of ‘low HFSE’ magmas is ‘prevalent TSPC mantle’ that 
was previously melted, causing incompatible element depletion, and then later re-melted by 
fluxing with a solute-rich fluid from the subducted Nazca Plate basaltic ocean crust, which 
spiked the melted mantle source with extra Sr and Pb. Finally, the observation that 
contemporaneous eruption of ‘TE enriched’ and ‘low HFSE’ magma types is rare, combined 
with the observation that both form a compositional continuum with ‘prevalent TSPC mantle’ 
 
  77 
 
but not with each other, suggests they are spatially separated within the mantle wedge from each 
other but commonly interact with ‘prevalent TSPC mantle’ individually. 
Taking these compositional and petrogenetic relationships into consideration, we propose 
that the generation and evolution of magmas at the TSPC follows the following scenario (as 
illustrated in Fig. 2.18). As the Nazca Plate is subducted at the Chile Trench, solute-rich fluids 
released by the dehydration of oceanic crust trigger melting of the mantle wedge, giving rise to 
three primary magma types beneath the TSPC. The ‘prevalent TSPC mantle’ end-member 
represents a somewhat heterogeneous but voluminous mantle composition that reflects long-term 
subduction modification along the Andean margin. The ‘low-HFSE’ end-member represents 
modified ‘prevalent TSPC mantle,’ possibly near the slab-mantle interface, that has experienced 
melt extraction, leading to incompatible aqueous fluid-immobile element depletion; this is 
followed by addition of a subducted basaltic ocean crust-derived solute-rich fluid, reflected by 
high ratios of fluid mobile/immobile elements and Pb and Sr isotope ratios showing greater 
affinities toward MORB. ‘Low HFSE’ magmas rise through the mantle wedge, interacting with 
the ‘prevalent TSPC mantle’, and resulting in the continuum of compositions between these two 
groups. The ‘TE enriched’ magmas, on the other hand, have chemical affinities with trace 
element enriched Mesozoic and Cenozoic basalts in the behind-the-arc region, east of the TSPC. 
We propose that westward migrating remnants of enriched South American mantle are drawn 
into the mantle wedge on the ‘upper arm’ of the convection cell where they interact with 
ascending ‘prevalent TSPC mantle’ magmas and partially melt, resulting in the continuum of 
compositions between these two groups. As mantle-derived magmas ascend through the thick 
Andean crust, some of them keep their mantle-derived characteristics, while others evolve by 
various assimilation, mixing, and differentiation processes. This conceptual model, which takes 
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into account the geochemistry of mafic TSPC magmas and the regional geochemical 
relationships, has direct bearing on along arc mantle heterogeneity in the SVZ and the 
component contributions to the mantle wedge. 
2.5.4. Magma types and the TSPC eruptive stratigraphy 
The ~930 kyr of volcanic history at the TSPC comprises several major eruptive sequences, 
many of which have been extensively sampled (the order and age ranges of these sequences are 
shown in Fig. 2.19). During the earliest magmatic phases, covering about the first third of the 
magmatic history (the Muñoz and Quebrada Turbia sequences, ~930 through ~770 ka, as well as 
the Lower Estero Molino Sequence at ~610 ka; Singer et al. 1997; Dungan et al. 2001), there are 
relatively few lavas with mafic compositions and all of them are categorized as ‘prevalent TSPC 
mantle’ magmas (Fig. 2.19). The MEMS at ~480 ka (Dungan et al. 2001) is the oldest lava series 
to include both the ‘low HFSE’ and the ‘TE enriched’ magma types, and the only sequence to 
include all three mafic magma end-members. Among the younger sequences, both the Lower and 
Upper Tatara sequences (<100 ka) are predominantly composed of magmas derived from 
‘prevalent TSPC mantle’ but include substantial amounts of the other magma types (Fig. 2.19). 
The ‘TE enriched’ magmas are only erupted in the Lower Tatara series whereas the ‘low HFSE’ 
magmas are only present in Upper Tatara lavas. Integrating the magma types classification 
described in this study with TSPC eruptive stratigraphy reconstructed by Dungan and coworkers 
(Ferguson et al., 1992; Feeley and Dungan 1996; Singer et al., 1997; Feeley et al., 1998; Dungan 
et al., 2001; Costa and Singer 2002) provides a temporal framework for understanding mantle 
source heterogeneity and interactions between those sources in the generation of TSPC magmas.  
From the volcanic reconstruction, Dungan et al. (2001) recognized a broad compositional 
diversity in TSPC magmas but no systematic temporal trends, such as progressive changes in
 














Figure 2.19: Eruptive history and relative amounts of the three mantle-derived magma types at 
the TSPC. Mafic magmas (n=345) are separated by stratigraphic position within the complex and 
color-coded by magma type. The TSPC stratigraphic sequences follow the framework developed 
by Dungan et al. (2001) with eruptive ages and duration intervals determined by Singer et al. 
(1997) and Dungan et al. (2001). 
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compositions that would be indicative of magmatic evolution in large magma reservoirs. 
Ferguson et al. (1992) and Dungan et al. (2001) grouped some magmas together and documented 
similarities between mafic parental magma compositions, whose occurrences were largely 
attributed to a dynamic but poorly characterized mantle heterogeneity. The current data 
compilation and augmentation allows for elucidation of these mantle sources and processes 
operating below the TSPC through time, and potentially sheds insight on the spatial distribution 
of these mantle sources. 
We have compiled the proportions of the three primary magma types in each stratigraphic 
sequence as a function of the total number of mafic magmas identified at the TSPC (SiO2<56 
wt.% and Rb/Y<1.75, n=345; illustrated in Figure 2.19). Several critical observations, in terms of 
temporal distributions over the lifetime of the complex, extend from this analysis. Possibly the 
most important of these is that ‘prevalent TSPC mantle’ is the dominant magma type in each of 
the eruptive sequences. This supports our general conclusion that the ‘prevalent TSPC mantle’ is 
a long-lived and common source for melt generation in the mantle wedge below the TSPC. The 
persistence of the ‘prevalent TSPC mantle’ composition over the entire TSPC eruptive history 
indicates that subduction components are added to the SVZ mantle and stored within the wedge 
to generate the ‘prevalent TSPC mantle’ source composition over a time-scale equivalent to at 
least the age of the volcanic complex. The idea that subducted materials are added to the wedge 
and extracted at a later time is consistent with U-series and 10Be/9Be isotopic data at eruptive 
centers near Volcan Villarrica, which show slab-derived components are transferred to the SVZ 
wedge over both short and long time-scales (Hickey-Vargas et al., 2002). However, the notion 
that stored components exist within a temporally and spatially prevalent mantle is fundamentally 
a new concept. Melting of the ‘prevalent TSPC mantle’ is facilitated by a late-stage fluid flux to 
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the mantle wedge, evident by U-series disequilibrium toward U-enrichment captured by various 
magmas along the arc segment (e.g., Sigmarsson et al., 1990; Hickey-Vargas et al., 2002; 
Sigmarsson et al., 2002; Reubi et al., 2011). How this ‘prevalent TSPC mantle’ composition was 
generated is the subject of a corollary investigation (Jweda et al., in prep.-prevalent mantle). 
Overall, the ‘low HFSE’ and ‘TE enriched’ magma types erupted much less frequently than 
the ‘prevalent TSPC mantle’ magmas (Fig. 2.19) but always in temporal association with it. 
Rarely did the two less prominent magma types erupt together. Interactions between them are 
modulated by ‘prevalent TSPC mantle.’ The temporal separation of ‘low HFSE’ and ‘TE 
enriched’ magmas is consistent with our assertions, based on isotope and trace element 
geochemistry, that they rarely if ever directly mix and that the sources of these magmas are 
spatially separated. Even in MEMS, where all three magma types are erupted, each of the magma 
end-members occur as discrete magmatic events lacking a evolutionary pathway toward the other 
(Dungan et al., 2001). For example, outcrops in the Quebrada Castillo drainage contain vertically 
stacked flows of 03QC.2 and 03QC.16, which are identified as the type end-member magmas for 
‘low HFSE’ and ‘TE enriched,’ respectively. In fact, the occurrence of extreme end-members 
one below the other without clear mixed or intermediate compositions is strong evidence that 
magma generation and extraction below the TSPC can shift relatively rapidly (<10 kyr) between 
mantle sources. The geochemical signals in most volcanic sequences indicate interactions 
between ‘prevalent TSPC mantle’ and only one of the other end-members. Moreover, all three 
magma types are robust in the sense that they present throughout a large portion of the eruption 
history of TSPC, and in several of the volcanic sequences. 
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2.5.5. TSPC and MASH 
One of the implications of our identification of three mantle derived end-members in the 
TSPC (Fig. 2.7), as well as our characterization of the effects of crustal interactions (Figs. 2.4, 
2.5), is that there is no evidence of an overriding, deep-crustal magma processing zone beneath 
the TSPC in the lower crust. And even if such deep crustal processes operate beneath the TSPC, 
they would have subdued leverage on the mantle-derived isotopic and trace element 
compositions of magmas, because of the young and relatively mafic nature of the Andean crust 
at 36°S (Hildreth and Moorbath 1988). Furthermore, the stratigraphic relationships constructed 
for the TSPC are inconsistent with long-term progressively increasing assimilation at the 
complex (Dungan et al., 2001). These observations however do not preclude the incorporation of 
diverse lower crustal lithologies into ascending and fractionating mantle-derived magmas.  
2.6. Summary 
Comprehensive sampling, a highly detailed and extensive eruptive chrono-stratigraphic 
framework, and a large compositional diversity of magmas at the TSPC have provided a unique 
opportunity to elucidate mantle sources at a pivotal location in the SVZ arc segment. Open 
system magmatic processes, notably crustal assimilation, operating in the thick overlying 
continental crust through which mantle-derived magmas must ascend, clearly play an important 
role in the evolution of some TSPC evolved magmas. While deep-crustal magma processing is 
not a major process at the TSPC, shallow upper crustal assimilation clearly operating in the 
TSPC can obscure mantle signatures. After filtering out evolved compositions (<56 wt. % SiO2, 
Rb/Y <1.75) that reflect crustal inputs, we have identified three mafic magma types that 
represent distinct mantle-derived end-members at the TSPC. These magmas include a ‘low 
HFSE’ type reflecting a previously depleted and then subsequently fluid-fluxed mantle source, a 
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‘TE enriched’ end-member that represents behind-the-arc enriched mantle sources that are 
advected trenchward by convection, and a ‘prevalent TSPC mantle’ group representing melts of 
long-term subduction modified mantle wedge. The Sr-Pb isotopic fingerprints in ‘low HFSE’ 
magmas reflect fluxing by solute-rich fluids derived from the subducted basaltic oceanic crust. 
Interactions, or the lack thereof, between end-members suggest that the ‘prevalent TSPC mantle’ 
is a common component to most TSPC magmas, but that the ‘low HFSE’ and ‘TE enriched’ end-
members are separated spatially within the wedge because they lack signs of mixing and rarely 
erupt contemporaneously. Although all three mantle end-members have been postulated, or at 
least hinted at to varying extents previously (Hickey et al., 1986; Davidson et al., 1988; Hickey-
Vargas et al., 1989), their existence and spatial distribution in the mantle beneath TSPC have 
been characterized for the first time in this comprehensive study. This investigation provides a 
robust identification of different mantle-derived end-members contributing to the petrogenesis of 
magmas at the TSPC that can be compared to other volcanoes along the SVZ arc. 
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2.8.1. Appendix 2.A: Analytical methods 
New trace element abundances were determined using a Thermo X-Series quadrupole ICP-
MS at Harvard University (Bezos et al., 2009). 72Ge, 103Rh, 115In, 169Tm, and 209Bi were used for 
internal standard normalization. The standards BCR-2, BHVO-2, DNC-1, JB-2 were used for 
calibration curves and the in-house K1919 lava standard (from the Kilauea 1919 eruption, the 
same flow that was sampled for the USGS BHVO-1 and BHVO-2 standards) was repeatedly 
measured for drift correction. Based on standard and sample duplicate analyses, trace element 
data had a reproducibility of better than ± 5%.  
For Sr, Nd, Pb, Hf isotope ratios, element purification and isotopic measurements were 
conducted at the Lamont-Doherty Earth Observatory (LDEO). For each sample, ~100-200 mg of 
powder were leached with 6 N HCl and then digested in an HNO3-HF mixture. After dissolution, 
sequential element separations were performed by extraction ion chromatography using Dowex 
AG1X-8 100-200 mesh resin (for Pb), followed by Eichrom TRU-, Sr-, and LN-spec resins (for 
Sr, Nd, and Hf, respectively).  
Sr and some Pb isotope ratios were measured on a VG Elemental Sector 54-30 multi-
collector thermal ionization mass spectrometer (TIMS) at LDEO. 87Sr/86Sr ratios were corrected 
for mass fractionation using 86Sr/88Sr = 0.1194, and corrected to a NIST SRM 987 standard value 
of 0.710240. The NIST SRM 987 standard was repeatedly measured during all run periods, and 
errors are based on multiple SRM 987 measurements within each run period, during which the 
standard was typically measured ~10 times and had a 2σ reproducibility between ±0.000008 and 
0.000013. Some of the Pb isotope analyses were measured on the TIMS, and these used the 
LDEO 207Pb-204Pb double-spike in order to correct for mass fractionation. The NIST SRM 981 
standard was repeatedly measured (~10 times) during all run periods and samples were 
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normalized to the standard values of 16.9405, 15.4963, and 36.7219 for 206Pb/204Pb, 207Pb/204Pb, 
and 208Pb/204Pb, respectively (Galer and Abouchami 1998; Abouchami et al., 1999). Typical 2σ 
reproducibilities were 325 ppm for 206Pb/204Pb, 390 ppm for 207Pb/204Pb, and 410 ppm for 
208Pb/204Pb. Total Pb blanks, which were processed with each sample digestion and Pb 
chemistry, were determined by spiking with 208Pb and ranged from 40 to 240 pg (n = 14) with an 
average of 150 pg. No Pb blank correction was applied because blank concentrations were 
negligible relative to Pb concentrations after chemistries. 
Nd, Hf, and some Pb isotope ratios were measured on a VG Elemental Axiom or a Thermo-
Fisher Neptune Plus multi-collector (MC-ICP-MS) at LDEO. Measurement procedures were 
virtually the same between the Axiom and Neptune. Once signal stability was reached after a 
lengthy warm-up period, standards were repeatedly run before and after each sample and/or 
external standard (typically ~20-30 standards per run). 143Nd/144Nd ratios were corrected for 
mass fractionation using 146Nd/144Nd = 0.7219, and samples were corrected to a JNdi-1 standard 
value of 143Nd/144Nd =0.512115 (Tanaka et al., 2000). The La Jolla Nd standard was measured 
between every ~5 samples as an additional check on accuracy. The average corrected 
143Nd/144Nd value of La Jolla was 0.511858 ±9 (2σ, n = 21), which is within error of the value of 
0.511858 used by Tanaka et al. (2000) to calibrate JNdi. Typical 2σ external reproducibility of 
JNdi was ±0.000014 and ±±0.000009 on the Axiom and Neptune respectively. 176Hf/177Hf ratios 
were corrected for mass fractionation using 179Hf/177Hf =0.7325, and samples were normalized to 
the in-house Alfa Specpure 13843 Hf standard solution, which we cross-calibrated with the JMC 
475 standard. The average measured value of the Alfa Hf standard was 176Hf/177Hf = 0.282151 
±12 (n =353), within error of the published value of 176Hf/177Hf =0.282160 for JMC 475 
(Blichert-Toft et al., 1997). Typical 2σ external reproducbilities of Alfa Hf were ±0.000012 and 
 
  86 
 
±0.000009 on the Axiom and Neptune respectively. Nd and Hf isotopic analyses between Axiom 
and Neptune MC-ICP-MS measurements were generally within error and showed no systematic 
offsets. The remaining Pb isotopes were measured on the Neptune following the same procedure 
as used with the Axiom. Pb isotopes were corrected for mass fractionation by adding a Tl spike 
to standards and samples, and correcting to 203Tl/205Tl = 0.41844 (Thirlwall 2002). For 
consistency with the TIMS measurements, Neptune measured NIST 981 Pb standards were 
normalized to values of Galer and Abouchami (1998) and Abouchami et al. (1999) as given 
above. Typical 2σ external reproducibility of NIST 981 was 60 ppm for 206Pb/204Pb, 60 ppm for 
207Pb/204Pb, and 70 ppm for 208Pb/204Pb. Pb isotopic analyses between TIMS and MC-ICP-MS 
measurements from chemistry duplicates were within error and showed no systematic offsets.  
2.8.2. Appendix 2.B: Identification of TSPC magma type end-members  
End-members of the different TSPC magma composition types were identified on the basis 
of the most extreme trace element ratios for each type (Supplementary Table S2.1). The ‘low 
HFSE’ end-members have the highest Sr/Ce values of ‘low HFSE’ magmas and consist mainly 
of lavas from two eruptive sequences (MEMS-type 1; UTAT-type 2; eruptive sequences from 
Dungan et al., 2001). End-members of the ‘low HFSE’ type 1 are 03QC.2, QC01.7, QTW10.12, 
QTW12.24, QTW14.5, QTW14.6, QTW14.7, and QTW14.9 and end-members of ‘low HFSE’ 
type 2 are EMU3.22, EMU3.26, EMU3.27, EMU3.28, EPW6.12, ESPW4.25, TR.6, and TR.9. 
The ‘TE enriched’ magma end-members have the highest Ce/Y ratios and contain magmas from 
the LTAT and MEMS sequences. These include ESPN.12B, ESPW3.3, ESPW3.9, 03QC.15, 
03QC.16, QCNE.1A, and QCNE.1B. Since the ‘prevalent TSPC mantle’ magmas comprise 
intermediate compositions and form the curve in the Sr/Ce vs. Ce/Y plot (Fig. 2.7c), end-
members are chosen on several criteria. The ‘prevalent TSPC mantle’ magma end-members are 
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those having the lowest Sr/Ce at the lowest Ce/Y (least affected by fluid addition or enriched 
mantle), at the apex of the curve in Fig. 2.7c. These are QCNE.1 and QTW12.25, which are also 
the most parental-like magmas at the TSPC (with the lowest SiO2 and most forsterite-rich 
olivines). EMU.20 and ESPW2.22 are slightly enriched in Ce/Y but plot near the apex of Fig. 
2.7c. ESPW2.9 (in addition to EMU.20 and ESPW2.22) has the lowest Ba/Nb ratio in the 
‘prevalent TSPC mantle’ group. ESPW3.2 is fluid-mobile element enriched at low Ce/Y ratios, 
but was included because of its overall trace element pattern similarity to QCNE.1 and its 
tendency to plot with the other ‘prevalent TSPC mantle’ end-members in fluid-immobile element 
ratios. Finally, Gua.14 (with very low SiO2) and EMU4.7 were included because of their very 
low Pb/Ce at low Ce/Y contents. 
2.8.3. Appendix 2.C: Data sources for SVZ compilation 
Regional SVZ trace element and isotope data was also compiled from several along-arc and 
individual volcanic center investigations (Deruelle 1982; Harmon et al., 1984; Hickey et al., 
1986; Davidson et al., 1987; Davidson et al., 1988; Futa and Stern 1988; Hildreth and Moorbath 
1988; Hickey-Vargas et al., 1989; McMillan et al., 1989; Tormey et al., 1991; Lopez-Escobar et 
al., 1992; Lopez-Escobar et al., 1995; Tormey et al., 1995; Deruelle and Lopez-Escobar 1999; 
Dungan et al., 2001; Sruoga et al., 2005; Rodriguez et al., 2007). 
2.8.4. Appendix 2.D: Modeling ‘low HFSE’ magmas 
The mantle source and subsequent melts of ‘low HFSE’ magmas were calculated based on a 
modal batch melting model. The melting zone of the SVZ mantle wedge beneath the TSPC was 
assumed to be a garnet lherzolite with a mineral assemblage of ol + opx + cpx + grt in the 
proportions of 72:10:15:3. We used a compilation of experimental partition coefficients at 
mantle conditions, given in Table S2.3, in the equilibrium model (Green and Pearson 1987; 
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Hauri et al., 1994; Kelemen et al., 2003c; Klemme et al., 2006). First the trace element 
composition of the mantle source of ‘prevalent TSPC mantle’ was modeled by inverting the most 
representative magma composition (QCNE.1) following the equation:  
! 
CS = CL " (D(1# F) + F)        (1) 
where CS is the trace element abundance in source mantle in ppm, CL is the trace element 
abundance in the melt (in this case, QCNE.1) in ppm, D is the trace element partition coefficient, 
and F is the melt fraction. We assumed a relatively large melt fraction (F ~22%) for the inversion 
based on other modeling work (Jweda et al., in prep.-prevalent mantle). The trace element 
pattern for the inverted mantle composition is shown as the light gray line in Figure S2.6 and 
represents the ‘prevalent TSPC mantle’ source from which both ‘prevalent TSPC mantle’ and 
‘low HFSE’ magmas ultimately originate. A small degree partial melt (F ~6%) is then extracted 
from this ‘prevalent TSPC mantle’ source. The 6% melt fraction was chosen because it provided 
the best overall trace element pattern match with the final modeled liquid. The composition of 
the partial melt was calculated using the equation: 
! 
Cl = CS /(D(1" F) + F)        (2) 
where Cl is the trace element composition of the 6% partial melt in ppm. The trace element 
composition of the mantle residue after melt extraction was then calculated by: 
! 
CR = (CS "ClF) /(1" F)        (3) 
where CR is trace element composition of the mantle residue in ppm. Based on trace element 
pattern mismatches, we assumed that melt extraction was an inefficient process. To model such 
an inefficient melt extraction, 4% of the partial melt was left behind. Mass balance mixing 
yielded the remaining mantle (CR+M) composition. The mantle was then infiltrated by an 
additional 4% of JFm (Juan Fernandez mantle) solute-rich fluid (modeled in Jweda et al., in 
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prep.-prevalent mantle). The trace element composition of the infiltrated residual mantle source 
(CR+M+F) is illustrated as the dark gray line in Figure S2.6. This recent fluid flux derived from the 
oceanic basaltic crust initiated melting of the CR+M+F mantle. Melt generation of the ‘low HFSE’ 
magmas was then modeled as a simple modal batch melt following the equation: 
! 
ClHFSE = CR +M +F /(D(1" F) + F)       (4) 
where ClHFSE is the trace element composition of the modeled ‘low HFSE’ magmas and CR+M+F is 
the ‘low HFSE’ mantle source, which is derived from the melt extracted residue of ‘prevalent 
TSPC mantle’ and mixed with melt and fluid. The trace element pattern for the modeled ‘low 
HFSE’ magma is shown as the black line in Figure S2.6. This modeled composition matches the 
observed pattern of ‘low HFSE’ end-member magmas for a 22% partial melt.   
Based on the mass balance model above, the ‘low HFSE’ magma compositions can be 
generated from processing of the ‘prevalent TSPC mantle’ source. We envisage a ‘prevalent 
TSPC mantle’ source proximal to the slab-wedge interface that undergoes a small and inefficient 
melt extraction that causes trace element depletion. This mantle source receives an extra dose of 
solute-rich fluid from the basaltic oceanic crust (this flux adds low 87Sr/86Sr and high 
206Pb/204Pb), triggering large degree partial melting that produces ‘low HFSE’ magmas with 
fluid-mobile element enrichment. The results of the modeling effort are shown in Figure S2.7 
and indicate that modeled fluid-mobile and fluid-immobile trace elements agree with the 
observed magmas and are consistent with our conceptual model. 
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Figure S2.1: Major element diagrams for all TSPC lavas compared to all available SVZ lavas. 
The SVZ lavas are from a compilation of published data (references given in Appendix 2.C). 
SVZ volcanoes are color-coded from north (Tupungato) to south (Osorno) and grouped into 
segments according to the arc segmentation scheme following Dungan et al., 2001. 
 



















Figure S2.2: Latitude along the SVZ vs a) 87Sr/86Sr, b) 143Nd/144Nd, and c) 206Pb/204Pb values 
from individual volcanic centers in the arc segment. Symbols and data sources are the same as in 
Figure S2.1. All available isotopic data was plotted regardless of SiO2 content. 
 
 






































Figure S2.3: a) 87Sr/86Sr vs 143Nd/144Nd and b) 206Pb/204Pb vs 208Pb/204Pb for individual volcanic 
centers along the SVZ arc segment. Symbols and data sources are the same as in Supplementary 
Figures S2.1 and S2.2. All available isotopic data was plotted regardless of SiO2 content. Sr and 
Nd isotopes vary systematically from 33 to 37°S along the arc while Pb isotopes display 
somewhat less systematic behavior. Northern SVZ lavas tend to be more variable and have lower 
206Pb/204Pb at similar 208Pb/204Pb values as southern SVZ lavas. Note that Longavi and TSPC 
have very similar isotopic compositions and both are projected to overlie the Mocha Fracture 
Zone (MFZ). 
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Figure S2.4: Select trace element variation diagrams of mafic and evolved TSPC lavas. The 
inferred fractional crystallization (FC) and crustally contaminated (AFC) evolved end-members 
are plotted (see text).  a) SiO2 vs Eu. Evolved lavas have decreasing Eu contents with increasing 
SiO2 contents indicating plagioclase fractionation in the most evolved lavas. b) SiO2 vs Zr. 
Evolved lavas have increasing Zr with increasing SiO2 possibly due to zircon accumulation. c) 
SiO2 vs Dy/Yb. Decreasing Dy/Yb with increasing SiO2 in evolved lavas may be related to 
hornblende fractionation in the most evolved lavas. d) SiO2 vs Sm/Y. Decreasing Sm/Y with 
increasing SiO2 in the evolved lavas may be due to apatite fractionation. The presence of these 
accessory phases in evolved lavas is confirmed by both the major element contents and the 
petrography of these rocks. 
 




















Figure S2.5: Primitive mantle normalized trace element patterns for mafic TSPC lavas that have 
ICP-MS data.  Mafic TSPC lavas are separated into their mantle-derived groups. a) ‘low HFSE’ 
(blue); b) ‘TE enriched’ (red); and c) ‘prevalent TSPC mantle’ (green) magmas. Primitive mantle 
values are from McDonough and Sun, 1995. All TSPC lavas exhibit subduction-modified trace 
element characteristics. The ‘low HFSE’ magmas, which are subdivided into two groups based 
on trace element and isotopic distinctions, similarly display large HFSE depletions and 
enrichments in fluid-mobile elements whereas ‘TE enriched’ magmas show LREE enrichments 
and much smaller HFSE depletions. 
 





























Figure S2.6: Primitive mantle normalized trace element patterns of the partial melting and fluid 
addition model results compared with mafic TSPC end-member magmas for reference. Primitive 
mantle values are from (McDonough and Sun 1995). Models reproduce the compositions of the 
‘prevalent TSPC mantle’ source (light gray line), the ‘low HFSE’ source with inefficient melt 
extraction and fluid addition (dark gray line), and ‘low HFSE’ magmas (black line). Model 

























































Figure S2.7: Plots showing the results of the partial melting and fluid addition model. a) La/Yb 
vs Nb/Yb. Fluid-immobile trace element ratios illustrate inefficient melt extraction and the 
accompanying trace element depletion. b) Sr/Th vs Pb/Th. Fluid mobile over fluid-immobile 
trace element ratios show the fluid enrichment of the ‘low HFSE’ source and magmas compared 
to the ‘prevalent TSPC mantle’ source. 
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Table S2.3: Partition coefficients used in the trace element partial melting models. 
 
xls/liq Ol1 Opx1 Cpx1 Spl1 Grt1 Ilm2 Bulk D3 
Cs 1.0E10-9 0.00001 0.0036 1.0E10-9 0.00001 0.0003 0.000444 
Rb 1.0E10-9 0.00001 0.0072 1.0E10-9 0.00001 0.0003 0.000876 
Ba 1.0E10-9 0.00001 0.0058* 1.0E10-9 0.00001 0.0003 0.000732 
Th 1.0E10-9 0.00001 0.01 1.0E10-9 0.00001 0.0006 0.00122 
U 1.0E10-9 0.00001 0.003 1.0E10-9 0.005 0.0082 0.000757 
Nb 0.001 0.029 0.0077 0.01 0.013 4.6000 0.0658 
Ta 0.001 0.029 0.0077 0.01 0.013 2.7000 0.0568 
La 0.000007 0.001 0.0536 0.006 0.001 0.0000 0.00660 
Ce 0.0001 0.003 0.0858 0.006 0.009 0.0001 0.0110 
Pb 0.0001 0.003 0.072 1.0E10-9 0.005 0.0001 0.00925 
Pr 0.00004 0.006 0.13 0.006 0.033 0.0002 0.0174 
Sr 0.00001 0.003 0.1283 1.0E10-9 0.007 0.0047 0.0161 
Nd 0.00007 0.009 0.1873 0.006 0.057 0.0005 0.0254 
Zr 0.004 0.04 0.1234 0.07 0.5 0.2900 0.0465 
Hf 0.004 0.04 0.256 0.07 0.5 0.3800 0.0651 
Sm 0.0007 0.02 0.291 0.006 0.217 0.0006 0.0445 
Eu 0.00095 0.03 0.33 0.006 0.45 0.0011 0.0577 
Gd 0.0012 0.04 0.37 0.006 0.9 0.0034 0.0775 
Tb 0.0026 0.05 0.41 0.006 1.5 0.0067 0.103 
Dy 0.004 0.06 0.442 0.0015 2 0.0100 0.124 
Ho 0.007 0.065 0.43 0.0023 2.8 0.0110 0.149 
Y 0.023 0.1 0.467 0.0045 7 0.0210 0.296 
Er 0.009 0.09 0.43 0.003 3.5 0.0110 0.175 
Yb 0.023 0.1 0.43 0.0045 7 0.1700 0.300 
Lu 0.03 0.12 0.433 0.0053 9 0.0840 0.361 
 
1Partition coefficients for olivine (ol), orthopyroxene (opx), clinopyroxene (cpx), spinel (spl), 
and garnet (grt) are taken from the peridotite melting compilation by Kelemen et al. (2003). 
2Partition coefficients for ilmenite (ilm) are taken from Klemme et al. (2006) and Green and 
Pearson (1987). 
3Bulk D’s are calculated for a garnet lherzolite mantle composition with the mineral assemblage 
ol:opx:cpx:grt:ilm in the proportions of 69:13:12:3:3. 
*Partition coefficient for Ba in cpx is from Hauri et al. (1994). 
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3.1. Abstract 
Quantifying the inputs of slab and mantle components, and determining the impacts of 
subduction on the composition of the mantle wedge below the Chilean Southern Volcanic Zone 
(SVZ) has remained elusive because of inadequate datasets and the controversial role of crustal 
contamination in the thick Andean continental crust. High-density sampling and a well-
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constrained eruptive chronostratigraphy at the Quaternary Tatara-San Pedro Complex (TSPC) 
has produced a robust geochemical and isotopic dataset that has allowed mantle and slab 
contributions in mantle-derived magmas to be characterized, and three major mantle-derived 
magma types to be identified. One of the magma types (i.e., the ‘prevalent TSPC mantle’) best 
represents melts of the “common” subduction-modified SVZ mantle wedge beneath the complex. 
Here we use its chemistry to provide important constraints on the subduction modification 
processes that have impacted the SVZ mantle wedge. Isotopic and geochemical mass-balance 
modeling suggests that the SVZ mantle source of ‘prevalent TSPC mantle’ magmas is generated 
by addition of two types of subduction-derived components to a “pre-subduction” asthenospheric 
mantle composition. Based on elevated incompatible trace element abundances and ratios (e.g., 
low Sm/La), the “pre-subduction” mantle is assumed to be similar to E-MORB-type. To this 
mantle source, ~7-11% subducted Chilean trench sediment is added, followed by infiltration of 
the mantle wedge by ~4 % solute-rich fluid derived from the subducted Pacific oceanic basaltic 
crust. Isotopic mixing models also constrain that the SVZ mantle south of Villarrica is supplied 
by ~5-7% subducted trench sediment input with slightly enriched Sr-isotopes. Furthermore, we 
are able to generate the progressive Sr-Nd isotopic changes in the northern SVZ magmas by a 
simplistic mixing model in which increasing amounts of Late Paleozoic crust are added to a 
‘prevalent TSPC mantle’ source that has been enriched by incorporation of behind-the-arc 
enriched mantle components. Finally, trace element patterns of ‘prevalent TSPC mantle’ end-
member magmas are best fit by two-stages of partial melting, whereby the subduction-modified 
SVZ mantle first undergoes a small melt extraction (F ~0.1%), which is followed by large-scale 
(F ~21%) melting of the residue, most likely induced by slab fluid fluxing. The high melt 
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fraction appears to correlate with a potentially large fluid volume release from the subducted 
Mocha Fracture Zone (MFZ), which is projected to be below the TSPC.  
3.2. Introduction 
Deciphering geochemical signatures and quantifying elemental fluxes at convergent plate 
margins are important steps to elucidating subarc mantle processes and upper mantle 
heterogeneity. Petrogenetic models generally agree that arc magmas are generated mainly by 
melting of the mantle wedge above the subducted lithosphere, triggered by addition of 
components delivered from the downgoing plate (e.g., Gill 1981; Plank and Langmuir 1988; 
Hawkesworth et al., 1991; Grove et al., 2012). The subduction process transfers several possible 
contributions to the mantle wedge, including melts (e.g., Kay 1978; Defant and Drummond 
1990; Yogodzinski and Kelemen 1998; Kelemen et al., 2003c) and solute-rich fluids derived 
from the subducted oceanic crust (e.g., Tatsumi et al., 1986; McCulloch and Gamble 1991; 
Miller et al., 1994; Stolper and Newman 1994; Pearce and Peate 1995; Hawkesworth et al., 
1997; Plank et al., 2009); subducted sediment either in bulk, silicate melts, solute-rich fluids or 
as buoyant diapers (e.g., Kay et al., 1978; McCulloch and Perfit 1981; Tera et al., 1986; Plank 
and Langmuir 1993; Elliott et al., 1997; Plank and Langmuir 1998; Class et al., 2000; Plank 
2005; Behn et al., 2011); enriched sub-continental lithospheric mantle from behind-the-arc (e.g., 
Pearce 1983; Hickey-Vargas et al., 1989), and lower crust from subduction erosion (e.g., Stern 
1991a; von Huene and Scholl 1991; Kay et al., 2005; Stern 2011). Vigorous debate continues 
regarding the nature and importance of these various contributions at different arcs through time.  
Determining the subarc mantle composition and understanding the proportions and 
transport of subduction components to the mantle wedge remain principal challenges of arc 
magmatism investigations because these signals must be inferred from the mass balance of 
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subducted materials and corresponding erupted volcanic materials. Quantification and cross-
correlation of chemical constituents in surficial inputs (basaltic oceanic crust and overlying 
sediments), which can be characterized through the study of deep (DSDP or ODP) drill holes 
(e.g., Plank and Langmuir 1993; Plank and Langmuir 1998; Chauvel et al., 2009), and erupted 
products, provide a robust basis for addressing these challenges. However, additional 
complications arise for arc magmas situated in continental settings, such as the Chilean margin, 
where mantle derived melts must ascend through continental crust, and where ample 
opportunities exist for melts to be modified by open system processes (e.g., Thirlwall and 
Graham 1984; Davidson et al., 1987; Hildreth and Moorbath 1988; Davidson et al., 1991; Smith 
et al., 1996; Dungan et al., 2001; Eichelberger et al., 2006). These processes, which include 
crustal contamination, crystal fractionation and magma mixing, are capable of modifying the 
geochemical compositions in primary melts and disguising mantle and slab-derived signatures. If 
the effects of intra-crustal processes can be screened out, however, then subduction contributions 
and compositions of mantle sources might be ascertained.  
The Quaternary Andean Southern Volcanic Zone (SVZ, acronyms used are listed in 
Table 3.1) is a region of active continental arc volcanism along the western margin of South 
America in Chile (33-46°S). Geochemical investigations in the SVZ have led to many of the 
prominent hypotheses regarding subduction processes in continental settings, including 
systematic along-arc variability, deep intra-crustal melting, assimilation, storage, and 
homogenization (MASH) processes, and subduction erosion of continental lithosphere (Hickey 
et al., 1986; Hildreth and Moorbath 1988; Stern 1991a; Kay et al., 2005). Despite a wealth of 
geological and geochemical data in the region, composition of the subarc mantle and the 
proportions of subduction contributions in the SVZ remain controversial because of the role of
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Table 3.1: Acronyms used in Chapter 3. 
 
 Acronym Meaning 
AFC Assimilation, Fractional Crystallization 
AOC Altered Oceanic Crust 
FC Fractional Crystallization 
CR Chile Rise 
EPR East Pacific Rise 
HFSE High Field Strength Elements 
HREE Heavy Rare Earth Elements 
ICP-MS Inductively Coupled Plasma Mass Spectrometer 
JFm Juan de Fernandez microplate 
LDEO Lamont-Doherty Earth Observatory 
LILE Light Ion Lithophile Elements 
LREE Light Rare Earth Elements 
MASH Melting, Assimilation, Storage, Homogenization 
MFZ Mocha Fracture Zone 
MIT Massachusetts Institute of Technology 
MORB Mid-Ocean Ridge Basalt 
MREE Middle Rare Earth Elements 
OIB Ocean Island Basalt 
REE Rare Earth Elements 
SCLM Sub-Continental Lithospheric Mantle 
SVZ Southern Volcanic Zone 
TE Trace Element 
TIMS Thermal Ionization Mass Spectrometer 
TSPC Tatara-San Pedro Complex 
UPSPS Upper Placeta San Pedro Sequence 
L-UPSPS Lower – UPSPS 
U-UPSPS Upper – UPSPS 
XRF X-ray Fluorescence 
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thick continental crust underlying the arc front. For example, the pioneering SVZ work led by 
Fred Frey, Rosemary Hickey, and Leopoldo López-Escobar in the 1980’s argued that 
petrogenetic processes and the composition of the mantle wedge in the SVZ are similar to intra-
oceanic island arcs (e.g., Marianas), with an asthenospheric mantle wedge modified by slab-
derived fluids and subducted sedimentary input (Hickey et al., 1986; Hickey-Vargas et al., 1989; 
Hickey-Vargas et al., 2002). They viewed crustal contamination as a second order process 
overprinting but not obliterating mantle-derived signatures in the SVZ magmas. On the other 
hand, in a study on arc magmatism that became the seminal work regarding the impact of thick 
continental crust on arc magma compositions, Hildreth and Moorbath (1988) concluded that 
geochemical signatures in SVZ magmas of the northern part of the arc were generated within the 
deep continental crust through MASH processes. Recent studies using U-series isotopes have 
confirmed that SVZ magmas are subject to lower crustal contamination (Jicha et al., 2007; Reubi 
et al., 2011), even in the southern arc segment (36-42°S) where the crust thins to ~30-40 km 
(Tassara 2005a; Tassara et al., 2006). However, blending and differentiation in long-lived 
magmatic chambers, as envisaged by Hildreth and Moorbath (1988), are precluded by the 
preponderance of discrete eruptive events, constrained by chrono-stratigraphic control, at the 
Quaternary Tatara-San Pedro Complex (TSPC) (Dungan et al., 2001; Jweda et al., in prep.-
magma types).  
Detailed work at individual volcanic centers have addressed these contentions and paved 
the way for greater understanding of the sources and processes in the SVZ (e.g., Frey et al., 
1984; Lopez-Escobar et al., 1985; Gerlach et al., 1988; Hickey-Vargas et al., 1989; Tormey et 
al., 1995; Deruelle and Lopez-Escobar 1999; Sruoga et al., 2005; Singer et al., 2008). In spite of 
the large number of geochemical investigations in the SVZ, there is little consensus on the 
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composition of the Andean mantle wedge. We focus in particular on the TSPC, where high-
density sampling has led to the most comprehensive geochemical dataset of any volcano in the 
SVZ (Davidson et al., 1987; Davidson et al., 1988; Ferguson et al., 1992; Feeley and Dungan 
1996; Feeley et al., 1998; Dungan et al., 2001; Costa and Singer 2002; Dungan and Davidson 
2004; Dungan et al., 2007). Its location in a geologically and geochemically “intermediate” zone 
of the SVZ, and high degree of geochemical and petrologic characterization on erupted magmas, 
provides a unique opportunity to elucidate arc magma source compositions in a continental arc, 
and to evaluate the processes that impact the mantle wedge and magma compositions. High-
density sampling (>1,000 TSPC samples analyzed for major and trace elements) at the TSPC 
from throughout its ~930 ka history helps ensure that there has been an adequate and 
representative sampling of the magmatic diversity. A recent investigation by Jweda et al. (in 
prep.-magma types) demonstrates that although crustal contamination is pervasive at the TSPC 
(e.g., Dungan et al., 2001), by filtering out samples most affected by open system processes, the 
composition of the mantle beneath the complex can be characterized. That study further showed 
that the dominant mantle-derived magma type at the complex is derived from ‘prevalent TSPC 
mantle’, which represents melts of the upper mantle wedge that has been modified by 
components from the subducted Nazca lithosphere.  
In this study, we quantify slab contributions to the subarc mantle beneath the SVZ in 
order to constrain the processes that generated the ‘prevalent TSPC mantle’ using the 
comprehensive data set from Jweda et al. (in prep.-magma types), and a broad compilation of 
published SVZ volcanic data, while taking into account the regional geology as well as the 
geochemical characteristics of potential contributors. We place the mafic TSPC magmatic suite 
in its regional geochemical context with southern Pacific mid-ocean ridge basalts (MORB), 
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Chilean trench sediments, and behind-the-arc volcanics, to show how the current mantle 
composition under the TSPC has been generated through subduction modification. The results 
provide important constraints about the role of various recycled materials in generating the SVZ 
mantle, and implications for along-the-arc magmatism. 
3.3. Geological overview of the SVZ and TSPC 
The Southern Volcanic Zone of the Chilean Andes is produced by subduction of the 
Nazca plate, with slightly oblique convergence angles, and a rate of ~7-9 cm/yr for the last ~20 
Myr, below western South America (Pardo-Casas and Molnar 1987; Angermann et al., 1999). 
Abundant arc-related intrusive and volcanic rocks suggest that current subduction at SVZ 
latitudes has been ongoing since the opening of the Atlantic Ocean at ~130 Ma (e.g., Rapela and 
Kay 1988; Pichowiak et al., 1990). The SVZ is bounded by volcano-free zones related to shallow 
subduction of the Juan Fernandez Ridge (JFR) to the north and the Chile Rise (CR) to the south 
(Fig. 3.1). There are at least 60 historically active or potentially active volcanic systems in the 
SVZ arc front, and they range in size from small cinder cones to large stratovolcanoes and 
calderas (Stern 2004). The behind-the-arc region to the east of the SVZ in Patagonia is 
characterized by major continental alkali basaltic volcanism, which has been erupting throughout 
the Cenozoic (Stern et al., 1990; Kay et al., 2004; Kay et al., 2006a; Kay and Copeland 2006; 
Kay et al., 2006b; Bertotto et al., 2009). Maximum distance between the active arc front and the 
behind-the-arc volcanoes occurs between 35-37°S, directly behind the TSPC, where the large 
Quaternary mafic Payenia Volcanic Province is located (Germa et al., 2010; Ramos and Folguera 
2011).  
The SVZ is characterized by systematic along-arc variability and divided into three 
geologic segments (Fig. 3.1) based on changes in arc azimuth and shifts in the frontal arc
 



















Figure 3.1: Regional map of the Southern Volcanic Zone (SVZ) of southern Chile and the 
location of the Tatara-San Pedro Complex (TSPC) study area plotted on a GeoMapApp base. 
Inset shows the position of the SVZ within South America. Map modified from Jweda et al. (in 
prep-magma types). Arc segmentation scheme: Tupungatito-Maipo segment (red triangles); 
Palomo-TSPC segment (green triangles); Longavi-Calbuco segment (blue triangles) following 
Dungan et al. (2001). Locations of large Payenia back arc basaltic volcanoes (gray triangles) as 
well as prominent tectonic features are marked. The large elevated back arc region east of the 
TSPC (northern shaded gray) marks the general location of the Cenozoic Payenia Volcanic 
Province outlined by Ramos and Folguera (2011) and Kay et al. (2006a). The arrow points to the 
Chajan Rift Basalts, which are located at ~33°S, ~64°W (Lucassen et al., 2002). The southern 
gray shaded area represents the northwestern-most portion of the Somuncura volcanic province 
(Kay et al., 2007). 
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volcano positions relative to the Andean crest (Wood and Nelson 1988; Dungan et al., 2001). 
From north to south, the age of the subducting Nazca Plate decreases from ~30-50 Ma to < 25 
Ma, distance from the trench to arc front decreases from ~360 km to ~250 km, and continental 
crust thins from ~65 km to ~30 km (Herron et al., 1981; Hildreth and Moorbath 1988; Stern et 
al., 1990; Tassara 2005a; Tassara et al., 2006). The composition of the Chilean Cordillera also 
transitions from older, more granitic-like rocks to younger, more mafic crust in the southern 
SVZ, with Mesozoic sedimentary and metavolcanic cover exposed throughout the arc (e.g., 
Lopez-Escobar 1984; Hildreth and Moorbath 1988; Lucassen et al., 2004). Arc segmentation in 
the SVZ includes the Tupungatito-Maipo (TSM) segment between 33-34.5°S, the Palamo-Tatara 
(PTS) segment (34.5-36.5°S), and the southern Longavi-Osorno (LOS) segment between 36.5-
42°S. The TSM consists mainly of andesitic and dacitic cones that have summit elevations that 
rise as high as ~6.5 km at the northern end of the arc. The underlying continental crust is 
exceptionally thick (up to ~60-55 km) and composed of both Late Paleozoic-Mesozoic aged 
plutonic and metavolcanic rocks (Drake et al., 1982; Hildreth and Moorbath 1988; Sruoga et al., 
2005). The PTS segment is geologically and geochemically “intermediate” between the northern 
and southern segments (Davidson et al., 1988; Dungan et al., 2001) and bounded in the south by 
the projection of the subducted Mocha Fracture Zone (MFZ) (Fig. 3.1). The LOS segment 
mainly consists of basaltic to basaltic andesite volcanic shield and stratovolcanoes that overlie 
relatively thin continental crust (~30-35 km) and whose summit elevations rise only to elevations 
of ~3.5 km. Late Mesozoic-Tertiary intrusive rocks, most likely related to construction of the 
magmatic arc, dominate the Andean Principle Cordillera below LOS volcanoes (Lucassen et al., 
2004). 
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The Tatara-San Pedro Complex is a large (volume ~55 km3, area ~250 km2) arc front 
stratovolcanic complex located within the PTS segment at 36°S, 70.5°W (Fig. 3.1). The TSPC, 
along with the eastwardly offset Nevado de Longavi, sits above a broad projection of the MFZ. 
The TSPC overlies ~43 km thick continental crust composed predominantly of Tertiary 
volcaniclastic sedimentary and metavolcanic rocks, as well as locally intruded Miocene 
granitoids (Nelson et al., 1999; Lucassen et al., 2004). TSPC eruptive construction encompasses 
at least eight major geochemically and stratigraphically related lava sequences spanning ~930 
kyr of volcanic activity (Ferguson et al., 1992; Singer et al., 1997; Dungan et al., 2001; Brown et 
al., 2004; Dungan et al., 2007). Lava sequences are separated by magmatic and erosional 
hiatuses related to glacial cycles. Deeply incised canyons carved by glacial and fluvial erosion 
have allowed extensive vertical sampling from Holocene cap lavas to Tertiary basement rocks 
(Singer et al., 1997; Nelson et al., 1999; Dungan et al., 2001). Basaltic andesites (52-56 wt. % 
SiO2) are the most prevalent lava-type, but a wide range of compositions from primitive basalt to 
rhyolite is preserved. Discrete eruptive sequences, a multitude of parent magma compositions 
and lack of long-term evolutionary trends preclude progressive differentiation in long-lived 
magmatic chambers at the TSPC (Dungan et al., 2001).  
3.4. Data Compilation 
The comprehensive TSPC isotopic and trace element geochemical dataset discussed in 
this manuscript is presented in Jweda at el. (in prep.-magma types). A detailed description of 
chemical and analytical procedures is also discussed there and more extensively in Jweda (2013-
thesis). Isotopic and trace element data for several regional geochemical reservoirs are compiled 
here from a variety of sources. Chilean trench sediment compositions are from Lucassen et al. 
(2010). A variety of behind-the-arc basaltic compositions are compiled for Payenia basalts (Kay 
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et al., 2004; Kay et al., 2006a; Kay and Copeland 2006; Bertotto et al., 2009; Jacques et al., 
2013; Kay et al., 2013), Somuncura basalts (Kay et al., 2007), and Chajan basalts (Lucassen et 
al., 2002). A regional search using the EarthChemPortal (www.earthchem.org) yielded a 
compilation of Chile Rise (CR) and Juan Fernandez microplate (JFm) MORB that included data 
from three main literature sources (Macdougall and Lugmair 1986; Ito et al., 1987; Bach et al., 
1996). We also utilized the broad Pacific MORB geochemical data compilation of Class and 
Lehnert (2012). Regional SVZ trace element and isotope data was also compiled from several 
along-arc and individual volcanic center investigations (Deruelle 1982; Harmon et al., 1984; 
Hickey et al., 1986; Futa and Stern 1988; Hildreth and Moorbath 1988; Hickey-Vargas et al., 
1989; McMillan et al., 1989; Tormey et al., 1991; Lopez-Escobar et al., 1992; Lopez-Escobar et 
al., 1995; Tormey et al., 1995; Deruelle and Lopez-Escobar 1999; Sruoga et al., 2005; Rodriguez 
et al., 2007). 
3.5. TSPC magma types and their sources 
Using the mafic TSPC geochemical dataset, Jweda et al. (in prep.-magma types) 
distinguished three distinct mantle-derived end-member magma groups at the TSPC based on 
trace element systematics and validated by isotopic compositions. These magma types and their 
mantle sources are summarized here for reference. Pertinent geochemical distinctions between 
these magma end-members are illustrated in Figure 3.2 within the context of the broad regional 
SVZ, and details about the geochemistry of each type are described throughout the text. Of the 
three magma groups, the ‘prevalent TSPC mantle’ is volumetrically the most dominant and it 
represents melts of the upper mantle wedge that has been modified by components added via 
subduction of the Pacific oceanic lithosphere at the Chile Trench. The ‘trace element enriched’ 
or ‘TE enriched’ magma type is the most enriched in incompatible trace elements, and has the 
 












Figure 3.2: Regional comparison of Ce/Y vs. Sr/Ce.  Mafic TSPC magmas from Jweda et al. (in 
prep-magma types) are identified as three distinct mantle-derived composition groups: 1) ‘low 
HFSE’ magmas in blue; 2) ‘TE enriched’ magmas in red; and 3) ‘prevalent TSPC mantle’ 
magmas in green (see text for details). The SVZ field (light orange field) is a compilation of 
published data from a variety of sources (see text for references). Note that the ‘prevalent TSPC 
mantle’ end-member magmas at low Sr/Ce and Ce/Y ratios have compositions similar to Llaima 
and Villarrica magmas (light blue field). Pacific MORB compilation is from Lehnert and Class 
(Earthchem, 2012). Chilean trench sediment data are from Lucassen et al. (2010). Juan de 
Fernandez Ridge (JFR) and Chile Rise (CR) basalts are from the EarthChem data compilation. 
The dark orange field and arrow show the compilation of Payenia and Somuncura behind-the-arc 
basalt compositions from Kay et al. (2004), Kay et al. (2006a), Kay an Copeland (2006), Bertotto 
et al. (2009), Jacques et al. (2013), Kay et al. (2013) and Kay et al. (2007). Figure is modified 
from Jweda et al. (in prep-magma types). 
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lowest Nd-Hf isotopes, as well as the highest Sr isotopic ratios. It is derived from blobs or veins 
of behind-the-arc mantle advected into the arc front by trenchward convection in the mantle 
wedge induced by subduction. The ‘low high field strength element’ or ‘low HFSE’ magma 
type is highly depleted in aqueous fluid-immobile trace elements but enriched in fluid 
mobile/immobile elements. It is derived from ‘prevalent TSPC mantle’ that has had previous 
melt extraction (which has caused trace element depletion), before being subjected to high 
degrees of fluxing by a slab-derived solute-rich fluid. Similarities in Sr- and Pb- isotopes 
between ‘low HFSE’ magmas and CR and JFm MORB compositions, suggests that the solute-
rich fluid added to the mantle wedge beneath the TSPC primarily originates from subducted 
South Pacific basaltic oceanic crust. 
3.6. Along-arc geochemical variability in the SVZ 
Chilean SVZ magmatism offers impressive along-arc systematic geochemical variability 
that correlates with various geologic parameters such as crustal thickness, volcano-trench 
distance and crustal compositions. As pointed out by Hildreth and Moorbath (1988), both trace 
element and isotopic compositions of erupted arc materials vary with latitude. Perhaps the most 
striking feature of SVZ volcanism, leading to considerable debate over recent decades regarding 
models of petrogenesis in the arc, is the clear increase in 87Sr/86Sr (~0.7040 to ~0.7055) and 
decrease in 143Nd/144Nd values (~0.5128 to ~0.5126) northward from ~36-37°S to 33°S (Figs. 
3.3a,b). The co-variation in Sr-Nd isotopes of the TSM and PTS segments is evident in Figure 
3.4a, where individual volcanic centers have been color-coded for latitude (north = red, south = 
violet) and indicate a progressive trend toward Late Paleozoic basement rock (Lucassen et al., 
2004). In contrast, the LOS segment is offset to higher 143Nd/144Nd values and even shows a 
slight progression toward higher Sr- and lower Nd- isotope ratios south of Villarrica (Fig. 3.3b). 
 


















Figure 3.3: Latitude (°S) vs a) 87Sr/86Sr, b) 143Nd/144Nd, c) 206Pb/204Pb, d) La/Yb, e) Nb/Y, f) 
Sr/Ce values from individual volcanic centers along the SVZ arc segment. The SVZ lavas are 
from a compilation of published data (see text for references), including the complete TSPC 
dataset from Jweda et al. (in prep-magma types). SVZ volcanoes are color-coded from north 
(Tupungato) to south (Osorno) and grouped into segments according to the arc segmentation 
scheme following Dungan et al. (2001). All available isotopic data was plotted, regardless of 
SiO2 content. Shaded green area represents the broad subduction projection of the Mocha 
Fracture Zone (MFZ). 
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Isotopic changes in the TSM and PTS are also accompanied by increased fluid-immobile ratios 
of LREE/HREE and HFSE/HREE, whereas LOS magmas show little change in these ratios south 
of Llaima and Villarrica (Figs. 3.3c,d). In terms of fluid-mobile/immobile element ratios, there 
are no systematic variations in the northern SVZ segments but there is a modest increase in the 
maximum Sr/Ce values reported for each volcano from ~37°S southward to ~41°S (Fig. 3.3e). 
We note that despite these broad geochemical trends, significant heterogeneities exist at the scale 
of individual volcanic complexes (e.g., Frey et al., 1984; Gerlach et al., 1988; Hickey-Vargas et 
al., 1989; Dungan et al., 2001). 
The TSPC occupies a unique “intermediate” location in the SVZ at what appears to be 
the geochemical inflection point between the northern and southern arc segments. To the north of 
TSPC, the pronounced increase in both 87Sr/86Sr (Fig. 3.3a) and more/less incompatible element 
ratios (e.g., La/Yb, Fig. 3.3c), and progressive decrease in the volume of mafic lavas (< 56 wt.% 
SiO2), have been attributed to greater contributions from crustal contamination either in the form 
of MASH (Hildreth and Moorbath 1988), subduction erosion (Stern 1991a; Stern 2011), or a 
combination of both (Kay et al., 2005). To the south, trace element and isotopic ratios flatten out 
and their ranges at individual volcanic centers are generally much less variable because of lower 
extents of modification in the thinner, more juvenile Andean crust (Hickey et al., 1986; Hildreth 
and Moorbath 1988). The broad magmatic diversity at the TSPC exhibits affinities for both 
northern and southern magmas. And the total ranges in incompatible trace element ratios of 
TSPC magmas are nearly un-paralleled in the SVZ compared to any individual volcanic 
complex, despite relatively restricted isotopic compositions. For example, incompatible element 
ratios of La/Yb (Figs. 3.3e,f) and Rb/Y (not shown) in TSPC magmas span a wide compositional 
range from average LOS magmas to some of the crustally contaminated magmas at the northern
 

















Figure 3.4: Isotopic variations of individual volcanic centers in the SVZ arc segment. a) 87Sr/86Sr 
vs 143Nd/144Nd and b) 206Pb/204Pb vs 208Pb/204Pb. Symbols and data sources are the same as in 
figure 3.3. All available isotopic data was plotted regardless of SiO2 content. Sr and Nd isotopes 
vary systematically from 33 to 37°S along the arc while Pb isotopes display somewhat less 
systematic behavior along the arc, although northern SVZ lavas tend to be more variable and 
have lower 206Pb/204Pb at a given 208Pb/204Pb value compared to LOS lavas. Note that Longavi, 
Azul-Quizapu, and TSPC volcanics have similar isotopic compositions. Figure is modified from 
Jweda et al. (in prep-magma types). 
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end of the TSM segment. Surprisingly unreported until now, some TSPC magmas (of the ‘low 
HFSE’ type) and its surrounding volcanic neighbors (Azul-Quizapu and Longavi) show a distinct 
spike in both Sr/Ce (Fig. 3.3d) and Ba/La (not shown) ratios relative to along-arc latitudinal 
variations. Furthermore, the TSPC magmatic field (and the ‘prevalent TSPC mantle’ end-
member in particular) appears to be a locus or ‘common’ magma composition within the SVZ in 
several geochemical plots, including Sr-Nd-Pb isotopes (Fig. 3.4) and LREE/HREE versus fluid 
mobile/immobile trace element ratios (Fig. 3.2).  
3.7. Discussion 
3.7.1. ‘Prevalent TSPC mantle’ magmas 
Of the three mantle-derived magma types beneath the TSPC (~350 samples, not 
including the mafic Upper Placeta San Pedro Sequence and Volcan Pellado), the ‘prevalent 
TSPC mantle’ includes the largest number of analyzed mafic lavas (~260 samples), and occupies 
intermediate incompatible trace element and isotopic compositional space. This group is clearly 
distinguished from ‘low HFSE’ magmas in having lower ratios of aqueous fluid-
mobile/immobile elements (e.g., Sr/Ce), as well as higher abundances of incompatible trace 
elements (Fig. 3.5). ‘Prevalent TSPC mantle’ magmas also have distinctly lower  ratios of 
highly/moderately incompatible trace elements (e.g., Ce/Y) and lower abundances of highly 
incompatible trace elements (Fig. 3.5) than ‘TE enriched’ magmas. The broad differences 
between the three mantle-derived groups are illustrated in the plot of Sr/Ce vs Ce/Y (Fig. 3.2), 
where the ‘prevalent TSPC mantle’ group appears to be a common mixing component with the 
other mafic magma end-members. The ‘prevalent TSPC mantle’ group is also isotopically 
distinguishable from the other two magma types. In Sr-Nd isotope space (Fig. 3.6a), the 
‘prevalent TSPC mantle’ magmas define a field that is intermediate to the lower Sr-isotope ‘low
 

















Figure 3.5: Primitive mantle normalized trace element variation diagram comparing regional 
geochemical reservoirs. Data sources are the same as in Figures 3.2 and 3.3. Because of limited 
trace element analyses of Chajan Rift basalts, the average composition was plotted. In general, 
‘prevalent TSPC mantle’ magmas are similar to Chilean trench sediments whereas the behind-
the-arc basalts are enriched in all trace elements. The ‘TE enriched’ magmas resemble the trace 


































Figure 3.6: Isotopic characteristics of mafic TSPC magma groups in context of Llaima and 
Villarrica lavas as well as those from the broader SVZ field and behind-the-arc basalts. a) 
87Sr/86Sr vs 143Nd/144Nd and b) 206Pb/204Pb vs 208Pb/204Pb. Symbols and data sources are the same 
as in figures 3.2 and 3.3. Behind-the-arc basalts were not plotted in b because they encompass a 
large field overlying nearly the entire frame. 
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HFSE’ magmas and lower Nd-isotope ‘TE enriched’ magmas. In terms of Nd-Hf isotopes, mafic 
TSPC magmas show a single positively correlated array where the broad ‘prevalent TSPC 
mantle’ field includes ‘low HFSE’ magmas but extends to higher values (Jweda et al., in prep.-
magma types). Compared to the ‘low HFSE’ group, the ‘prevalent TSPC mantle’ magmas are 
distinctly offset toward higher 207Pb/204Pb and 208Pb/204Pb ratios for given 206Pb/204Pb values 
(Fig. 3.6b). Chemical and isotopic variability within the ‘TE enriched’ and ‘low HFSE’ groups 
indicate interactions with ‘prevalent TSPC mantle’ rather than with each other, further 
supporting our interpretation that ‘prevalent TSPC mantle’ magmas represent melts of the 
“common” mantle wedge composition beneath the TSPC.  
All ‘prevalent TSPC mantle’ magmas exhibit trace element patterns characteristic of arc 
magmas globally (Fig. 3.5), which includes depletions in HFSE (e.g. Nb, Ta) and enrichments in 
aqueous fluid mobile elements (e.g. Ba, Sr, Pb), clearly different from MORB and intra-plate 
(behind-the-arc) compositions. These trace element patterns indicate that the SVZ mantle wedge 
is enriched in both fluid-mobile and fluid-immobile incompatible trace elements compared to 
upper asthenospheric mantle. Furthermore, isotopic compositions of ‘prevalent TSPC mantle’ 
magmas are distinct from those associated with upper mantle asthenosphere as represented by 
regional Pacific MORB, which has much higher Nd (and Hf isotopes, not shown), lower Sr 
isotopes, and lower 207Pb/204Pb and 208Pb/204Pb ratios at a given 206Pb/204Pb value (Fig. 3.7) 
relative to ‘prevalent TSPC mantle’ magmas. Thus, it is clear that the mantle source of these 
magmas is highly impacted by subduction-modified upper mantle, as might be expected from a 
convergent margin that has undergone ~130 Myr of subduction related processes.  
The compositions of ‘prevalent TSPC mantle’ magmas tend to resemble southern SVZ 
magmas, specifically those at Volcan Villarrica and Llaima, though these southern magmas have
 























Figure 3.7: a) 87Sr/86Sr vs. 143Nd/144Nd and b) 206Pb/204Pb vs. 208Pb/204Pb of regional geochemical 
reservoirs. Data sources are the same as in Figures 3.2 and 3.3. Atlantic MORB compilation is 
from Lehnert and Class (Earthchem, 2012). Late Tertiary, Late Mesozoic, and Late Paleozoic 
intrusive crustal rocks are from Lucassen et al. (2004). 
 
  120 
 
lower ratios of LREE/HREE and higher 143Nd/144Nd isotope values (Figs. 3.2,3.6). Considering 
that magmas at Volcan Villarrica and Llaima ascend through relatively thinner continental crust 
and reflect the least crustally influenced melts in the SVZ (e.g., Hickey et al., 1986), the 
similarity between their compositions and the ‘prevalent TSPC mantle’ group provides strong 
indication for the presence of a “common” mantle source throughout the SVZ. Since ‘prevalent 
TSPC mantle’ magmas form a locus in the SVZ, both in terms of trace element ratios (e.g, Fig. 
3.2) and isotopic compositions (e.g., Fig. 3.4), we think they are representative melt products 
from this “common” SVZ mantle composition.  
3.7.2. Sediment input and impacts on mantle wedge compositions 
Subducted sediments play an important role in modifying the subarc mantle wedge 
globally (e.g., Kay et al., 1978; McCulloch and Perfit 1981; Brown et al., 1982; Tera et al., 1986; 
Plank and Langmuir 1993; Miller et al., 1994; Elliott et al., 1997; Plank and Langmuir 1998; 
Class et al., 2000; Plank 2005). It is therefore critical to evaluate the input of sedimentary 
materials to the subduction zone. While 10Be enrichments in SVZ lavas clearly demonstrated that 
subducted sediment was recycled (Sigmarsson et al., 1990), until recently there has been only 
cursory discussion about the role of sedimentary input to the SVZ mantle (e.g., Hickey et al., 
1986; Futa and Stern 1988). This is due in part to a paucity of information about the sedimentary 
package being subducted at the Chilean trench. Hildreth and Moorbath (1988) reported trace 
element and isotope data of river-mouth sediments from main drainages along the Chilean 
Andes, and assumed that these eroded and homogenized sediments reflected the locally 
subducted terrigenous sediment compositions. They did not sample sediments actually near the 
trench. A more recent investigation probed the trench sediments at the Chilean Triple Junction 
near ~46°S in ODP Leg 141 (Kilian and Behrmann 2003), but this was relatively far south of the 
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majority of SVZ volcanoes. Lucassen et al. (2010) was the first to provide a comprehensive 
isotopic and trace element dataset on Quaternary Chilean sediments located between 36°S and 
40°S and located near the Chilean trench.  Jacques et al. (2013) subsequently analyzed proximal 
trench sediments between latitudes coincident with the SVZ arc front. The compositions of 
Jacques et al. (2013) largely overlap with and substantiate those reported by Lucassen et al. 
(2010). 
Geophysical and geochemical analyses indicate that the Chilean trench sedimentary 
section consists of ~1.0-1.5 km thick turbidite deposits with a thin overlying veneer of pelagic 
clay (Kilian and Behrmann 2003; Contreras-Reyes et al., 2010; Lucassen et al., 2010). As noted 
in the most recent compilation of subducting Chilean trench sediments, there is a latitudinal 
variation in sediment compositions along the Chilean Trench (Plank 2013, in press). Trench 
sediments in the north (33°-40°S) tend to be derived from more recent arc-related rocks whereas 
sediments to the south (~46°S) appear to originate from erosion of older Andean basement. The 
climatic change from hot and arid in the north to wet and temperate in the south also plays a role 
in the relative sediment supply, which increases to the south. These changes in eroded crustal 
materials are manifested in the geochemical compositions of subducting sediments along the 
trench. Higher LREE/HREE and elevated Sr-isotopic compositions in southern sediments 
transition to lower LREE/HREE ratios and less enriched 87Sr/86Sr values in the north. Subtle 
isotopic variations (higher 87Sr/86Sr and lower 143Nd/144Nd values) in arc-front magmas from 
Villarrica southward (Fig. 3.3) may reflect these changes in sedimentary supply, but further work 
is needed to explore this possibility. 
Many arc systems exhibit combined trace element–isotopic behavior that form trends 
toward compositions of local subducting trench sediments, providing fairly strong evidence of 
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sediment recycling in the mantle wedge. Well-documented examples of sediment incorporation 
in arc magmas in which the most incompatible trace element enriched lavas trend toward trench 
sediment compositions include those from the Marianas (e.g., Elliott et al., 1997; Chauvel et al., 
2009), the Aleutians island arc (e.g., Kay et al., 1978; McCulloch and Perfit 1981; Miller et al., 
1994; Class et al., 2000; Jicha et al., 2004; Singer et al., 2007) and the Lesser Antilles (Davidson 
1983; e.g., White and Dupre 1986; DuFrane et al., 2009). However, SVZ lavas do not show 
similar characteristics. Instead, incompatible element ratios of Chilean trench sediments often 
plot within the field of frontal SVZ arc magmas rather than forming end-members to those 
magmatic trends (e.g. Figs. 3.2,3.7,3.8,3.9). And in the case of the TSPC, trench sediments 
typically overlap with the ‘prevalent TSPC mantle’ group, making the mechanism of their 
incorporation in the SVZ mantle difficult to ascertain.  
The compositional affinity, in terms of both trace elements and isotopes, of ‘prevalent 
TSPC mantle’ magmas toward Chilean trench sediments (illustrated in Figs. 3.2,3.7,3.8,3.9), is 
most likely the result of the latter being derived from erosion of the former. Because arc 
cannibalism (erosion and subduction of volcaniclastic material) at the SVZ arc segment has been 
ongoing for at least the last ~20 Ma (Lucassen et al., 2010), it is not a surprise that subducted 
sediment compositions do not significantly differ from mafic SVZ or ‘prevalent TSPC mantle’ 
magmas at these latitudes (~33°-40°S). Their similarities nevertheless probably also reflect 
sediment recycling in the mantle wedge. Overlap between the 206Pb/204Pb-208Pb/204Pb fields of 
trench sediments and mafic SVZ lavas (Fig. 3.7b) strongly suggests incorporation of sediment in 
the SVZ mantle (Jacques et al., 2013; Jweda et al., in prep.-magma types). However, the offset in 
Sr-Nd isotope fields and lack of any obvious mixing arrays between sediments and mafic SVZ 
lavas is difficult to reconcile. Jacques et al. (2013), who argued that small contributions from 
 






















Figure 3.8: a) Sm/La vs. Th/La comparing mafic TSPC magma groups to regional geochemical 
reservoirs. Data sources are the same as in Figures 3.2 and 3.3. ‘Prevalent TSPC mantle’ and 
‘low HFSE’ magmas plot along an array between Pacific E-MORB mantle and Chilean trench 
sediments. ‘TE enriched’ magmas plot with behind-the-arc basalts. The line and arrow point 
toward the composition of a 5% partial melt of bulk sediment, which plots at higher Th/La than 
bulk sediment.  b) Plot of 143Nd/144Nd vs. Th/Nd. Mixing between the 5% sediment melt and 
Pacific E-MORB mantle does not reproduce TSPC and SVZ magmas. Tick marks on the mixing 
line represent percent sediment melt addition.  
 







































Figure 3.9: a) Y vs. Sr/Y and b) La/Yb vs. Gd/Yb. Data sources are the same as in Figures 3.2 
and 3.3. None of the mafic TSPC magmas have high enough Sr/Y to suggest derivation from 
adakitic melting. However, elevated La/Yb and Gd/Yb ratios of ‘prevalent TSPC mantle’ 
magmas relative to MORB indicate the presence a small percentage of garnet in the SVZ mantle 
source. ‘TE enriched’ magmas point toward Chajan basalt compositions. 
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melts of AOC-sediment were responsible for the compositions of SVZ lavas, inadvertently also 
showed that the role of Chilean trench sediments was not as straightforward as has been found in 
other arcs. Since ‘prevalent TSPC mantle’ and other SVZ magmas fail to form conspicuous 
trends toward trench sediments, we suggest that subducted sediments represent a time-integrated 
chemical signal in the SVZ mantle, fundamentally affecting the mantle wedge composition over 
the protracted subduction history at the South American margin.  
Insight into the subarc mantle wedge composition and geochemical enrichment via 
sediment incorporation can be more unequivocally gleaned from Sm/La and Th/La ratios 
(Johnson and Plank 1999; Plank 2005). Isotope ratios in arc magmas often reflect long-term 
incompatible trace element enrichment compared to typical MORB, and may resemble ocean 
island basalt (OIB) magmas. Early arc isotopic investigations even suggested enriched signatures 
derived from OIB-type mantle sources (Morris and Hart 1983; Hickey et al., 1986), but more 
recent studies have demonstratively tied some of these signals to subducted sediment 
contributions. It is therefore important to evaluate a combination of elemental and isotopic ratios. 
Ratios of Th/La are particularly useful because Th is not significantly fractionated from La by 
mantle melting or dehydration processes, and its predominant source of enrichment is derived 
from subducted sediment contributions. While Sm/La is more sensitive to fractionation by 
melting, Sm/La ratios are not significantly elevated by the incorporation of sediments, nor can 
melting of N-MORB-type mantle or subducted MORB account for the large variations in arc 
basalts (Plank 2005). Together, these ratios are apropos to evaluating whether the background 
mantle wedge is consistent with a depleted N-MORB-type mantle source that has been 
subsequently enriched by slab contributions, or whether the background mantle was more 
incompatible element enriched and similar to E-MORB-type mantle (Plank 2005). Arc magmas 
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that follow linear trends in Sm/La vs Th/La plots between mantle sources and subducted 
sediments indicate chemical mixing between the two reservoirs.  
The correlation between high Th/La ratios in arc magmas and local subducting sediments 
found globally (Plank 2005) is also observed in ‘prevalent TSPC mantle’ and ‘low HFSE’ 
magmas at the TSPC and the broad SVZ. Th/La contents of ‘prevalent TSPC mantle’ magmas 
range from 0.12 to 0.38 and include the highest values at the TSPC, overlapping with the Chilean 
trench sediment field (Fig. 3.8). For the overall SVZ, it is important to note that the highest 
Th/La ratios (>0.4) are associated with crustally contaminated magmas (>56 wt.% SiO2) from 
the TSM/PTS segments and thus do not faithfully preserve their mantle-derived signals. Most 
‘prevalent TSPC mantle’ and ‘low HFSE’ magmas, as well as many LOS and PTS magmas, fall 
on a mixing array between MORB mantle and Chilean trench sediment in Th/La vs Sm/La (Fig. 
3.8). The linear correlation of many TSPC and SVZ magmas implies that high Th/La sediment is 
recycled into the SVZ mantle wedge. Addition of bulk Chilean trench sediment to an E-MORB-
type mantle wedge appears to play a significant role in generating the ‘prevalent TSPC mantle’ 
array.  
In many arcs, the Sm/La vs Th/La mixing arrays imply mantle wedge Sm/La ratios of 
~1.0 (Plank 2005), comparable to typical N-MORB-type source mantle (Donnelly et al., 2004; 
Workman and Hart 2005). High Sm/La (>1.25) ratios in some arcs, such as the Marianas and 
Tonga, can be attributed to depletion from back-arc melting, whereas low Sm/La (<0.7) ratios, in 
other arcs, such as the Aleutians and Java, are derived from a more fertile or even enriched 
mantle wedge. The highest Sm/La ratios found at the TSPC (~0.42), which are identified as the 
incompatible element-depleted ‘low HFSE’ end-member magmas, overlap with Pacific trace 
element enriched-MORB (E-MORB) values (Fig. 3.8; MORB values from Class and Lehnert, 
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2012; Global MORB compilation). Thus, the most depleted TSPC magmas still have La much 
more enriched over Sm (and other incompatible trace elements) than N-MORB. Extrapolation of 
the Th/La-Sm/La mixing trend of ‘prevalent TSPC mantle’ and ‘low HFSE’ magmas (Fig. 3.8) 
to the mantle-MORB array indicates that the TSPC subarc mantle has a Sm/La ~0.5, which is 
indicative of a trace element enriched mantle composition similar to the Aleutian Arc (Singer et 
al., 2007). Enriched HFSE/HREE ratios (e.g., Nb/Yb > ~1.0, the enrichment can be inferred from 
Fig. 3.5) in all TSPC mafic magmas are also consistent with enriched mantle compositions 
(Pearce and Peate 1995). Although the low Sm/La ratios could be due to a small garnet effect, 
eclogitic melt contributions are ruled out (discussed below). Surprisingly, the maximum implied 
Sm/La mantle source ratio in the entire SVZ is only ~0.6, located beneath Villarrica. The 
extremely low Sm/La ratios in the SVZ magmas suggest that the sub-arc mantle wedge is one of 
the most trace element enriched globally.  
High Th/La ‘prevalent TSPC mantle’ magmas, which in some cases are as high as the 
sediments (~0.25-0.40), might indicate the contribution of a fractionated source such as a 
sediment melt to the mantle wedge. Since Th is slightly more incompatible than La during 
melting, and significantly more so than Nd, the Th/La and Th/Nd ratios of a sediment melt is 
expected to have values about equal to, or higher than, the bulk sediment. If the sediment 
signature represents a melt, as has been argued in the Aleutian Arc (Class et al., 2000; Singer et 
al., 2007), then TSPC magmas should define a trend toward slightly higher Th/La and much 
higher Th/Nd. To test this scenario, we calculated the compositions of a melt generated by batch 
melting of bulk trench sediment (Lucassen et al., 2010) using experimentally determined water-
corrected (7 wt.% H2O) bulk distribution coefficients at 3 GPa and 850°C (Skora and Blundy 
2010) and assuming 5-50% partial melting (trace element compositions and partition coefficients  
 
   
 
















Cs 0.02 2.88 0.05 0.67 3.49  0.005  1.35 0.38 
Rb 0.60 43.6 0.85 60.4 68.0  0.10  7.67 5.42 
Ba 6.60 432 13.1 1122 244 0.510 0.01 550 486 70.7 
Th 0.08 4.50 0.21 9.82 9.95 0.840 1.27 4.98 0.17 0.55 
U 0.02 1.50 0.06 2.54 2.54 0.476 0.85 2.11 0.07 0.18 
Nb 0.66 4.71 3.65 170  1.667 19.2 3.06 0.19 1.07 
Ta 0.04 0.34 0.11   1.667 56.8 0.227 0.002 0.07 
La 0.70 14.4 3.26 114 21.0 1.695 3.60 8.13 0.91 2.16 
Ce 1.68 32 11.5 228 51.5 1.754 8.25 17.3 1.41 4.87 
Pb 0.08 11.2 0.31 5.54 15.4  0.03  8.28 1.64 
Pr 0.25 4.05 1.40 27.2 5.90  12.0  0.12 0.65 
Sr 19.0 330 119 2156 73.8 0.379 0.19 805 599 75.8 
Nd 1.25 17.0 11.1 105 22.7 2.00 45.6 8.72 0.25 2.87 
Zr 10.5 127 112 503 314 1.45 41.8 103 2.70 22.5 
Hf 0.28 2.95 2.10 10.4 3.50 0.909 46.8 3.01 0.05 0.56 
Sm 0.40 3.87 3.74 17.6 5.00 2.70 38.9 1.35 0.01 0.75 
Eu 0.15 1.06 1.29 4.94 0.94 3.13 45.9 0.325 0.03 0.24 
Gd 0.54 3.76 4.00 12.2 4.67  81.5  0.05 0.86 
Tb 0.10 0.58 0.71 1.53 0.80  100  0.007 0.15 
Dy 0.67 3.59 4.50 6.80 5.33  113  0.04 0.96 
Ho 0.15 0.73 1.10 1.07 1.11  150  0.007 0.20 
Y 4.30 19.2 40.5 27.9 30.8 13.7 47.4 1.25 0.86 5.74 
Er 0.44 2.16 2.70 2.36 3.32  166  0.02 0.60 
Yb 0.44 2.06 3.23 1.55 3.03 33.3 216 0.060 0.02 0.59 
Lu 0.07 0.31 0.44 0.22 0.44 37.0 237 0.008 0.002 0.09 
87Sr/86Sr 0.702724 0.705637 0.702492 0.704149 0.731642   0.705637 0.702492 0.703990 
143Nd/144Nd 0.513059 0.512673 0.513091 0.512412 0.512147   0.512673 0.513091 0.512818 
206Pb/204Pb 18.212 18.62 18.824 18.29 18.928   18.62 18.824 18.596 
208Pb/204Pb 37.658 38.57 38.172 38.12 38.984   38.57 38.172 38.472 
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1E-MORB mantle trace element composition similar to that of McDonough and Sun (1995) and 
Donnelly et al. (2004).  Isotopes are from Pacific E-MORB compiled by Class and Lehnert 
(2012). 
2Average trace element and Pb isotopic composition of bulk Chilean trench sediment from 
Lucassen et al. (2010).  Sr-Nd isotopes used in mixing calculations are from sample 75 KD(1).  
3Average trace element and isotopic composition from a EarthChem compilation of Nazca 
MORB on and near the Juan de Fernandez microplate. 
4Average rift basalts from Chajan, Argentina that represent melts of the South American sub-
continental lithospheric mantle (SCLM) from Lucassen et al. (2002).  
5Late Paleozoic intrusive rock composition from Lucassen et al. (2004). 
6Sediment/melt partition coefficients from experiments at T=850ºC and P=3GPa by Skora and 
Blundy (2010). 
7Eclogite/fluid partition coefficients taken from Brenan et al. (1995a, b), Ayers (1998), and 
Kessel et al. (2005) calculated assuming oceanic crustal assemblage of grt:cpx = 60:40.  Partition 
coefficient for Ba is inferred between the values reported Ayers (1998) and Kessel et al. (2005). 
8Calculated composition of 5% sediment melt assuming average Chilean trench sediment in note 
2 and partition coefficients in note 6. 
9Calculated composition of fluid released during 1% dehydration and equilibration with JFm 
MORB. 
10Calculated composition of the SVZ subduction modified mantle.  Addition of 11% bulk 
Chilean trench sediment and 4% JFm MORB fluid to ‘primitive’ mantle.
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are given in Table 3.2). We used the Skora and Blundy (2010) partition coefficients to account 
for preferential incorporation of LREE, Zr, Ti and Th in accessory phases, which persist up to 
~850-900°C and have been shown to profoundly influence trace element characteristics in 
hydrous melts associated with up to 50% melting (Hermann and Rubatto 2009). The 
experimental conditions correspond well with the estimated ~830°C slab surface temperature 
under the SVZ arc (van Keken et al., 2011). 
The calculated composition of a low (F = 5%) degree sediment melt is shown in Figure 
3.8a and plots along the same trend as ‘prevalent TSPC mantle’ magmas but offset to higher 
Th/La (~0.61) and lower Sm/La (~0.17). Based on these parameters, mixing E-MORB-type 
mantle with either bulk sediment or sediment melt can explain the TSPC array (Fig. 3.8a). 
However, a plot of 143Nd/144Nd versus Th/Nd (Fig. 3.8b) shows that sediment melt cannot be 
reasonably mixed with mantle to form the source of ‘prevalent TSPC mantle’ magmas because 
the mixing trajectory between sediment melt with distinctly higher Th/Nd (~0.57) and an E-
MORB source mantle falls outside the SVZ field. Even if extensive sediment melting (on the 
order of 50%; where Th/La = 0.46 and Th/Nd = 0.41) is considered, the majority of TSPC and 
SVZ magmas still cannot be reproduced by mixing. Only mixing between un-fractionated (bulk) 
Chilean trench sediment and the most incompatible trace element and isotopically enriched E-
MORB-type mantle source (that is with the highest Th/Nd and lowest 143Nd/144Nd ratios), or an 
OIB-like source similar to that of the JFR basalts, can explain the TSPC and SVZ ‘mantle array’ 
(Fig. 3.8b). If sediment is added as a melt to the mantle, trace element modeling requires either a 
large degree of partial melting (> 50%) or the melt to be a combination of slab components with 
lower Th/Nd but similar Nd-isotope compositions (Jacques et al., 2013). However, we are not 
convinced that the oceanic crust or overlying sediment package melts. Recent work on subducted 
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and metamorphosed sediment suggests that slab temperatures below 1050°C are insufficient to 
melt subducted sediments and that sediments rise into the mantle wedge by way of buoyant 
diapirs (Behn et al., 2011; Hacker et al., 2011). In summary, we think the ‘prevalent TSPC 
mantle’ and ‘low HFSE’ magma trace elements are best explained by sediments that are 
mechanically detached from the slab surface and buoyantly ascend into and mix with the SVZ 
mantle rather than forming a melt at the slab surface.  
3.7.3. Input of Slab (eclogite) melting? 
Elevated ratios of middle/heavy REE (MREE/HREE) in ‘prevalent TSPC mantle’ and 
‘TE enriched’ magmas relative to Pacific MORB (Fig. 3.5) indicate that partial melting has 
occurred in the presence of residual garnet and raises the possibility that the SVZ mantle wedge 
source has been enriched by eclogitic melts. Thermal and petrogenetic subduction models reveal 
that young, hot oceanic subducted basaltic crust melts under eclogite facies conditions, 
generating distinctive geochemical signatures (Kay 1978; Yogodzinski and Kelemen 1998; 
Kelemen et al., 2003b; Kelemen et al., 2003c). Classic indicators of eclogitic melts (‘adakites’) 
include high SiO2 (>56 wt. %), low MgO (<3 wt. %), high La/Yb (>20), high Sr/Y (>50) at low 
Y (<15), and MORB-like Nd-Hf isotopic values (Defant and Drummond 1990; Castillo 2006; 
Richards and Kerrich 2007). But despite relatively high La/Yb (~6-17) and Gd/Yb (~2-3) values 
in mafic TSPC magmas compared to South Pacific MORB (La/Yb ~0.5-3.0, Gd/Yb ~1-2; Fig. 
3.9), neither ‘prevalent TSPC mantle’ nor ‘TE enriched’ magmas exhibit any of the other 
eclogitic melt characteristics. In fact, while ‘TE enriched’ magmas have the highest 
LREE/HREE and MREE/HREE ratios and appear the best candidates of slab melts, these 
magmas exhibit ‘prevalent TSPC mantle’-like Sr/Y ratios (Fig. 3.9) and the least MORB-like Sr-
Nd-Hf isotopes at the TSPC (Figs. 3.6,3.7). Furthermore, Nevado de Longavi lavas, which are 
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the only Quaternary mantle-derived magmas in the SVZ with ‘true’ adakitic signatures, are 
attributed to polybaric intra-crustal crystal fractionation of unusually ‘wet’ mantle melts, rather 
than eclogitic melts from subducted Pacific MORB (Rodriguez et al., 2007). Eclogitic melting 
may be a common process in the Andean Austral Volcanic Zone (~49°-54°S) (Kay et al., 1993; 
Stern and Kilian 1996), where the Antarctic Plate is slowly subducted below the South American 
margin, but it appears conspicuously absent in the SVZ frontal arc. 
If eclogitic melts contribute to the SVZ mantle, their participation is extremely limited 
and not easily recognized. Jacques et al. (2013) suggested that the slab component responsible 
for the SVZ mantle composition is a < 0.5 % addition of a homogeneous melt of trench sediment 
and AOC. They argued that the enrichment of Th and LREE above the MORB-OIB array was a 
result of melting in the presence of garnet. The elevated Gd/Yb and lowered Sm/La values in 
TSPC mafic magmas (Figs. 3.8,3.9), especially those in the ‘TE enriched’ group, suggest that a 
few percent residual garnet is present in the melting region. Simple batch melt modeling of 
eclogitic Pacific MORB indicates that only at low extents of melting (F < 3%) are trace element 
compositions sufficiently incompatible enriched (i.e, Sm/La < 0.2) to reproduce ‘prevalent TSPC 
mantle’ and ‘TE enriched’ magmas. However, the low 143Nd/144Nd values of these magmas 
cannot be generated by contributions of eclogitic MORB melts alone. Jacques et al. (2013) 
correctly points out that only slab melts of sediment-AOC mixtures are required, if eclogitic 
MORB melts contribute to the SVZ mantle. While we do not dispute the isotope melt-mixing 
model calculations of Jacques et al. (2013), we do not think the Nazca slab surface temperatures 
are warm enough to initiate ~20% fluid-saturated melting (Behn et al., 2011).  
Instead of eclogitic MORB melts, we propose that the garnet signature (e.g., higher 
LREE/HREE and MREE/HREE) observed in some ‘prevalent TSPC mantle’ and especially in 
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‘TE enriched’ magmas is inherited from behind-the-arc trace element enriched components in 
the upper South American mantle that have been advected trenchward. The covariation of mafic 
TSPC magmas between La/Yb and Gd/Yb (Fig. 3.9) provides an important context for 
deciphering the source of trace element enrichment. Jweda et al. (in prep.-magma types) inferred 
that contributions from behind-the-arc enriched mantle were added to the source of the ‘TE 
enriched’ TSPC magma type, because ‘TE enriched’ magmas trend toward and have a strong 
chemical affinity toward behind-the-arc basalts, plotting toward or with one another in several 
cases. Jweda et al. (in prep.-magma types) argued that the enriched isotopic and trace element 
nature of ‘TE enriched’ magmas therefore reflects a small addition of components from partial 
melts of ‘veins’ or ‘blobs’ of enriched South American mantle sources that underwent previous 
melting in the presence of garnet to the ‘prevalent TSPC mantle’. While the combined low 
Sm/La and low Nd-Hf isotopic compositions of the ‘TE enriched’ magma type (Figs. 3.4,3.8) are 
inconsistent with a MORB-melt source, they are consistent with an enriched behind-the-arc 
mantle source. Furthermore, certain aspects of the Jacques et al. (2013) model, which were 
neither explored nor fully explained, actually provide credence to this likelihood. The Jacques et 
al. (2013) isotope melt-mixing model is able to reproduce SVZ magma compositions, but it relies 
on a presumably complete shift (~25% to ~100%) from a depleted South Atlantic MORB mantle 
to an enriched South Atlantic MORB mantle in order to explain the isotopic trends from south to 
north in the SVZ frontal arc. We will explain the compositional shifts in the SVZ mantle using 
an alternative model whereby a small addition of behind-the-arc components are added to an 
already enriched South American mantle.    
3.7.4. Constraining slab contributions to the TSPC mantle wedge 
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Isotopic variations in mafic TSPC magmas within a regional context provide important 
constraints on the contributions of different subducted slab and mantle sources to the SVZ 
mantle wedge. Sr-Nd and Pb-Pb isotopes of various mantle and crustal reservoirs that potentially 
serve as source compositions are compared to mafic TSPC magmas in Figure 3.7. We briefly 
discuss Sr-Nd isotope characteristics here, but intentionally Pb-Pb isotopes in the following 
section. The ‘prevalent TSPC mantle’ Sr-Nd isotopic field falls intermediate between Pacific 
MORB and Chilean trench sediments, while ‘TE enriched’ magmas exhibit relatively lower 
143Nd/144Nd values (this relationship is seen more clearly in Figure 3.10). Pacific MORB is 
generally restricted to the ‘long-term incompatible element depleted’ (top left) quadrant of 
Figure 3.7a, with Chile Rise (CR) and Juan de Fernandez microplate (JFm) MORB showing 
typical N-MORB values. Nazca Ridge (NR) and Juan de Fernandez Ridge (JFR) basalts, located 
in seamount chains on the Nazca Plate, have ‘long-term incompatible element enriched’ (higher 
87Sr/86Sr, lower 143Nd/144Nd) signatures that are more ‘OIB-like’, because they are associated 
with hotspot activity (e.g., Ray et al., 2012). The isotope ratios in JFR basalts are so pronounced 
compared to Pacific MORB (showing the effects of long-term incompatible element enrichment 
with low 143Nd/144Nd and high 87Sr/86Sr) that they partially overlap with SVZ magmas. Atlantic 
MORB mantle is included in Figure 3.7 because it plausibly impacts the South American mantle 
wedge by means of westward convection under the continent (Jacques et al., 2013). Atlantic 
MORB has a large range of compositions that encompasses nearly all of the SVZ and extends 
toward enriched South American mantle compositions (lower right). The MORB databases were 
not filtered for E-MORB or plume-impacted MORB, which account for the large Atlantic 
MORB isotopic range. The Chilean trench sediments form a sub-parallel array to northern SVZ 
magmas at higher 143Nd/144Nd but have similar 87Sr/86Sr values. Sediments mainly overlap with 
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Figure 3.10: Isotopic mixing models. Data sources are the same as in Figure 3.2 and 3.3. End-
member mixing compositions are given in Table 3.2. Tick marks along the mixing lines indicate 
the percent of sediment, fluid, behind-the-arc melt, or crust in the mixture. Several different 
scenarios are modeled in a) 87Sr/86Sr vs. 143Nd/144Nd. Line A represents mixing between E-
MORB mantle and 5% sediment melt, lines B-D represent mixtures of E-MORB mantle and 
various bulk sediment compositions, line E represents the addition of JFm fluid to the mantle 
wedge, line F represents addition of enriched behind-the-arc mantle components, and line G 
represents contamination of ‘TE enriched’ magmas with Late Paleozoic crust.  In b) 206Pb/204Pb 
vs. 208Pb/204Pb, only the ‘prevalent TSPC mantle’ composition is modeled. Line A represents 
mixing between E-MORB mantle and bulk sediment and line B represents the addition of JFm 
MORB fluid. Both diagrams show that the ‘prevalent TSPC mantle’ can be generated by a two-
stage, three component mixing process whereby ‘E-MORB’ mantle is mixed first with bulk 
Chilean trench sediment and then subsequently with JFm MORB-derived fluid.  
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Late Mesozoic intrusions, because the Mesozoic rocks constitute the predominant exposures and 
eroded material at these latitudes (Lucassen et al., 2004; Lucassen et al., 2010). Finally, the 
Payenia and Somuncura basalts (shown in Fig. 3.6) largely overlap with mafic SVZ magmas and 
extend toward more long-term incompatible element enriched compositions basalts (Kay et al., 
2004; Kay et al., 2006a; Kay and Copeland 2006; Bertotto et al., 2009; Jacques et al., 2013; Kay 
et al., 2013)whereas the enriched behind-the-arc Chajan rift basalts occupy a field of low 
143Nd/144Nd and high 87Sr/86Sr values, ‘below’ the regional mantle array (Lucassen et al., 2002). 
3.7.4.1. Evaluating the role of subducted sediment contributions  
To elucidate the role of regional sources in generating the ‘prevalent TSPC mantle’ and 
magmas derived from it, we have evaluated several mixing scenarios, assuming that the mantle 
wedge originated as Pacific E-MORB-type mantle, and that the lower 143Nd/144Nd and higher 
87Sr/86Sr values of the TSPC mantle source reflects contributions from subducted Chilean trench 
sediment. We found that using an E-MORB-type mantle source, with higher 87Sr/86Sr and lower 
143Nd/144Nd than depleted Pacific N-MORB mantle, is a reasonable choice based on the enriched 
trace element constraints outlined in previous sections (and illustrated in Fig. 3.8). Most of the 
sediment-mantle mixing combinations we used failed to adequately reproduce ‘prevalent TSPC 
mantle’ compositions. For example, mixing a low degree (e.g., F = 5%) partial melt of trench 
sediment with E-MORB-type mantle (Fig. 3.10a, line A), similar to that postulated for the 
Aleutian arc mantle (Class et al., 2000; Jicha et al., 2004; Singer et al., 2007), produces a 
strongly convex curve that completely misses the SVZ isotopic field, consistent with the trace 
element arguments precluding direct sediment melt contribution. Only mixing mantle with an 
absurdly high sediment melt fraction (F > 70%) can generate mixing curves that pass near the 
SVZ field. These sediment melt compositions are calculated the same as above, accounting for 
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trace element partitioning in minor mineral phases. Varying the sediment melt distribution 
coefficients, such as using those of Johnson and Plank (1999), also fails to produce mixing 
curves that intersect the SVZ field. Instead, adding bulk trench sediment to the E-MORB-type 
mantle to create a mixed source yields nearly linear mixing arrays (lines B-D) that pass near but 
not necessarily through SVZ isotopes. Only mixing with the lowest 87Sr/86Sr sediments (line B) 
produces a curve proximal to TSPC compositions. In this latter case (line B), however, because 
the sediment end-member is so similar to the mafic TSPC field, nearly 20% sediment addition is 
required. This would be much higher than estimated sedimentary inputs at most island arcs, 
which typically indicate ~1-5% bulk sediment addition (e.g., Turner and Foden 2001; Handley et 
al., 2007; Chauvel et al., 2009). Using a depleted N-MORB-type mantle source in lieu of the E-
MORB source only exacerbates the problems with mantle-sediment mixing because of the lower 
trace element contents and higher Nd-isotopes of the N-MORB source.  
Mixing a Sr-isotope enriched bulk trench sediment with E-MORB-type mantle (line C in 
Fig. 3.10a) appears to be the most plausible combination for producing the ‘prevalent TSPC 
mantle’ composition. This mixing produces a linear curve that passes through the high 
143Nd/144Nd compositions of the southern SVZ, but is slightly offset to higher 87Sr/86Sr from the 
mafic TSPC field. We will show below that this mismatch is resolved by the addition of a fluid 
from the subducted basaltic oceanic crust that preferentially mobilizes a Sr-rich component with 
lower 87Sr/86Sr ratios. Although it may be possible that a very large contribution of non-typical 
Chilean trench sediment with low 87Sr/86Sr ratios added either in bulk (line B) or as a melt (not 
shown) generates the ‘prevalent TSPC mantle’ composition, we favor lowering the Sr-isotopes 
by way of a small addition of slab-derived solute-rich fluid because of the strong trace element 
evidence for fluid infiltration (i.e., high Sr/Ce and Pb/Ce, and correlations with Sr and Pb isotope 
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ratios) in the source of TSPC magmas (Jweda et al., in prep.-magma types). Thus, assuming that 
the Sr-isotopes of the TSPC mantle can be lowered by slab fluid contributions, then the 
‘prevalent TSPC mantle’ is generated by addition of ~9% bulk trench sediment to an E-MORB-
type mantle. Bulk sediment addition is envisaged as either mechanical mixing into the deep 
mantle wedge or diapiric rise of buoyant sediment (Behn et al., 2011; Hacker et al., 2011). 
To explain the Sr-Nd isotopic field of LOS magmas, compositions of subducted 
sediments must have slightly higher 87Sr/86Sr (line D in Fig. 3.10a) compared to those that 
potentially generate the PTS magmas (line B). This is consistent with input of sediments with 
higher Sr isotope ratios to the Chilean trench at more southerly latitudes (Kilian and Behrmann 
2003). We propose that the Sr-Nd isotopic compositions of LOS magmas, which show higher 
87Sr/86Sr and lower 143Nd/144Nd southward (Figs. 3.3,3.4), can be generated without significantly 
changing the amount of sediment contribution through the addition of trench sediments that have 
progressively higher 87Sr/86Sr ratios southward (Fig. 3.10a, sliding from line C to D southward) 
to an E-MORB-type mantle. The mixing calculations indicate addition of between 5-7% bulk 
sediments, depending on the composition used for the trench sediment end-member. Kilian and 
Behrmann (2003) constrained source components using similar isotopic arguments for LOS 
magmas, and suggested that 3-5% of sediment melt addition to a depleted mantle source was 
responsible for the Pb-Nd isotopic compositions of the southern SVZ. However, as already 
discussed, we have found that adding melt of trench sediment from 36°-40°S to either N- or E-
MORB-type mantle produces mixtures that completely bypass the LOS magmas in Sr-Nd 
isotopes, similar to line A in Figure 3.10a. Because Kilian and Behrmann (2003) used trench 
sediment with much higher Sr and much lower Nd isotope ratios (87Sr/86Sr ~0.708 and 
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143Nd/144Nd ~0.5124) from ~46°S than sediments found at ~40°S, their N-MORB mantle-
sediment melt mixing curves passed closer to the LOS field. 
Pb isotopes of TSPC and SVZ magmas further corroborate the role of subducted slab 
contributions to the SVZ mantle. As a whole, SVZ magmas form a relatively restricted field 
offset toward higher 207Pb/204Pb and 208Pb/204Pb, at the same 206Pb/204Pb, from Pacific MORB 
(Fig. 3.7b), but similar to Chilean trench sediments. Subtle differences between arc segments led 
Hildreth and Moorbath (1988) to argue that Pb isotopes were dominated by varying degrees of 
intra-crustal contributions throughout the arc. They attributed the generally higher and more 
variable 207,208Pb/204Pb values of northern magmas (33°-35°S) to the greater diversity of 
underlying older, Late Paleozoic rocks compared with southern magmas, whose volcanic 
complexes overlie younger and more mafic crust. Based on our regional data compilation (Fig. 
3.7b), which includes a more recent and complete characterization of crustal rocks, we concur 
that the high 207Pb/204Pb and 208Pb/204Pb ratios of some TSM magmas (Fig. 3.4b) may reflect the 
addition of components from the Paleozoic rocks (Lucassen et al., 2004). Most TSM/PTS 
magmas that overlap with trench sediments in Pb isotopes are evolved (>56 wt. % SiO2 and 
Rb/Y > 1.75) and probably have assimilated Late Mesozoic intrusions. This is also consistent 
with the radiogenic Pb isotopes of crustally overprinted lavas at TSPC (Jweda et al., in prep.-
magma types, which point toward to the upper right quadrant in Fig. 3.7b,3.10b). However, the 
bulk of new sediment data has more radiogenic 206,207,208Pb/204Pb than most of the mafic PTS and 
LOS magmas (Fig. 3.10b), including most of those from the TPSC, and serve as a potential 
mixing end-member for mafic PTS and LOS magmas. A mixing line between bulk Chilean 
sediments (Lucassen et al., 2010) and Pacific E-MORB mantle matches the main PTS-LOS array 
quite well (line A in Fig. 3.10b). The high Pb-isotope TSM magmas, however cannot be 
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produced by any reasonable mixing between E-MORB-type mantle and locally subducted 
sediments, indicating crustal interactions with Late Paleozoic rocks. The mantle-sediment mixing 
line (line A in Fig. 3.10b) passes close to ‘prevalent TSPC mantle’ magmas (which occupy the 
middle of the SVZ field and have Pb isotope ratios similar to LOS magmas) but is offset slightly 
to the left of the TSPC data. The mixing line suggests between ~7-10% bulk sediment addition to 
an E-MORB-type source mantle is required (Fig. 3.10b) to generate compositions proximal to 
the ‘prevalent TSPC mantle’ magmas. This is in the same range as the estimates from Sr-Nd 
isotopes, and suggests that the Pb in TSPC and LOS magmas are dominated by slab 
contributions to the SVZ mantle wedge rather than crustal overprinting.  
Other isotopes, such as oxygen (δ18O) can provide additional information about the 
source(s) of subduction magmas. Jacques et al. (2013) reported olivine δ18O values for a small 
suite of SVZ magmas (including two San Pedro samples) and trench sediments. The reported 
δ18O values of various volcanic rocks had a limited and low, mantle-like range (4.8-5.6‰) 
compared to Chilean trench sediments (7.8-14.1‰). They found no difference between mafic 
and felsic volcanic rocks and no correlation with indices of crustal assimilation. The mantle-like 
δ18O and restricted range of values indicate that SVZ magmas originate from the sub-continental 
lithospheric mantle and that neither sediment incorporation nor crustal processing on ascent 
significantly affects their oxygen isotope compositions.  
3.7.4.2. Evaluating solute-rich fluid addition to the mantle wedge 
Combined trace element-isotopic evidence in ‘prevalent TSPC mantle’ and ‘low HFSE’ 
magmas points toward mantle infiltration by solute-rich fluids derived from dehydration of the 
subducted Nazca slab (Jweda et al., in prep.-magma types). Since we do not think that the slab 
surface temperatures are warm enough to initiate melting, the fluid mobile elements must be 
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added to the mantle wedge via solute-rich fluids. Addition of a subduction-derived solute-rich 
fluid to the mantle significantly increases the abundances of elements such as Sr, Pb, Ba in the 
wedge while adding little REE and even less HFSE, reflecting the differences in aqueous 
solubilities between these elements (Brenan et al., 1995b; Ayers 1998). The large positive spikes 
in fluid mobile trace elements (Fig. 3.5) clearly indicate solute-rich fluid contributions to the 
SVZ mantle wedge (e.g., Hickey et al., 1986; Davidson et al., 1988; Jweda et al., in prep.-magma 
types). Although ‘prevalent TSPC mantle’ magmas do not display quite as high ratios of aqueous 
fluid mobile/immobile trace elements as the ‘low HFSE’ magmas, they nevertheless exhibit 
considerable fluid mobile element enrichment compared to oceanic basalt (Figs. 3.2,3.5). This is 
not surprising because fluxing of the subarc mantle wedge by slab-derived fluids is a near 
ubiquitous feature of arc magmas and is a likely melting trigger in the subduction regime 
globally (e.g., Miller et al., 1994; Stolper and Newman 1994; Hawkesworth et al., 1997; Turner 
et al., 1997; Class et al., 2000; Grove et al., 2002; Stern et al., 2006; Handley et al., 2007).  
The relationship of lower 87Sr/86Sr ratios with increasing Sr/Nd in mafic TSPC magmas 
identifies subducted Pacific MORB as the most likely source of aqueous fluid mobile elements in 
the SVZ (Jweda et al., in prep.-magma types). Altered oceanic crust (AOC) rather than ‘fresh’ 
MORB is commonly invoked as the fluid source at several arcs (e.g., Elliott et al., 1997; Turner 
and Foden 2001; Handley et al., 2007; Singer et al., 2007; Jacques et al., 2013), because oceanic 
crust undergoes hydrothermal alteration and serpentinization before being subducted. Seawater 
altered MORB has elevated Ba abundances and higher 87Sr/86Sr (0.7035–0.7075), but MORB-
like 143Nd/144Nd values (~0.5131). However, given no discernable TSPC mantle-derived magma 
trends toward AOC (elevated 87Sr/86Sr with increased Sr/Nd), it is difficult to make a strong 
argument for AOC involvement in TSPC basaltic petrogenesis unless the AOC isotopic 
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composition is indistinguishable from ‘fresh’ MORB (Jweda et al., in prep.-magma types) or that 
AOC is homogeneously mixed with sediment and then melted (Jacques et al., 2013). A key 
aspect of the fluid contributions is that ‘low HFSE’ TSPC magmas, which are the most impacted 
by fluid addition, have higher 206Pb/204Pb compared to the main mafic TSPC array and trend 
toward JFm MORB Pb isotopes (Figs. 3.6,3.7). The correlation between higher 206Pb/204Pb and 
decreased Ce/Pb confirms that the fluid-derived Pb is sourced by a component with higher 
206Pb/204Pb (Jweda et al., in prep.-magma types). Jacques et al. (2013) also acknowledged that 
some Pb was derived from the subducted basaltic crust, but their restricted dataset makes it 
difficult to confirm. ‘Prevalent TSPC mantle’ magmas behave similarly, but are not as enriched 
in 206Pb/204Pb, indicating a smaller fluid contribution.  
We explore the impact of aqueous fluid mobile element addition on the SVZ mantle 
wedge beneath the TSPC with a fluid release model. Fluid dehydration and expulsion are 
modeled as a Rayleigh distillation process (Ayers 1998). The model assumes that solute-rich 
fluid is transferred rapidly from slab to mantle wedge. Subducted oceanic crust is assumed to 
have an eclogitic mineral assemblage with a grt:cpx ratio of 60:40 and a trace element and 
isotopic composition similar to average JFm MORB. Eclogite/fluid partition coefficients are 
derived from experimental measurements (Brenan et al., 1995b; Ayers 1998; Kessel et al., 2005). 
The fluid is created by 1% dehydration. Modeling parameters and MORB fluid compositions are 
given in Table 3.2. The modeled 1% JFm MORB fluid trace element composition, normalized to 
primitive mantle, has Pb and Sr abundances similar in magnitude to TSPC mantle derived 
magmas, while the HFSE and HREE abundances are negligible (Fig. 3.11a).  
Contributions from an isotopically distinct oceanic crustal fluid component also help 
explain and reconcile the offsets between ‘prevalent TSPC mantle’ magmas from Sr-Nd and Pb-
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Figure 3.11: Primitive mantle normalized trace element variation diagrams displaying the results 
of the trace element mixing and melting models. Trace element abundances are normalized to 
‘primitive’ mantle values of McDonough and Sun (1995). Mixing and melting parameters are 
given in Tables 3.2 and 3.3. a) Model composition of the JFm MORB fluid and the calculated 
SVZ mantle wedge. JFm MORB fluid is created by a Rayleigh Distillation process (details in 
text).  The calculated SVZ mantle composition is formed by a two-stage, three component mass 
balance mixing model between a ‘E-MORB’ mantle and 9% bulk Chilean trench sediment that is 
further infiltrated by 4% JFm MORB fluid. b) Modal batch melting of a garnet lherzolite with 
the calculated SVZ trace element mantle composition. Melting is modeled as both a single and a 
two-stage process. Both models result in similar REE abundances but diverge for the most 
incompatible trace elements (Cs through Ta). The two-stage melt model provides trace element 
abundances that agree better with the actual ‘prevalent TSPC mantle’ magmas. 
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Pb isotopic mantle-sediment mixing curves toward lower 87Sr/86Sr and higher 206Pb/204Pb (Figs. 
3.10a,b), respectively. In this regard, the ‘prevalent TSPC mantle’ is generated by adding ~9% 
bulk subducted Chilean trench sediment to an asthenospheric mantle source having enriched 
incompatible element abundances compared to depleted MORB and Pacific E-MORB isotopic 
compositions, plus a dose of JFm MORB-derived solute-rich fluid (line E in Fig. 3.10a). Due to 
the much lower solubility of Nd in aqueous fluid compared to Sr, mixing between MORB fluid 
and the calculated SVZ mantle lowers 87Sr/86Sr values without significantly increasing Nd 
isotope ratios. Mass balance considerations for Sr-Nd isotopes indicate that mixing of ~3-5% 
JFm MORB fluid is required to produce the mantle from which ‘prevalent TSPC mantle’ 
magmas are generated (line E in Fig. 3.10a), whereas the Pb isotopic mixing model suggests a 
slightly lower percentage (~1%) of fluid addition (line B in Fig. 3.10b). As will be shown below, 
the JFm MORB fluid addition accounts for the relatively enriched fluid mobile/immobile trace 
elements (i.e., Sr/Nd and Pb/Ce) ratios in ‘prevalent TSPC mantle’ magmas.  
The percentage of fluid addition required to reproduce TSPC mantle derived magmas in 
the Sr-Nd isotopic mixing model is consistent with subduction system estimates globally (e.g., 
Class et al., 2000; Straub et al., 2004; Handley et al., 2007; Singer et al., 2007), but our estimate 
of ~4% is at the high end of estimates using isotopic arguments (~1-5%). Subduction of the 
Mocha Fracture Zone (MFZ) beneath the TSPC may offer a possible explanation for the elevated 
fluid input signature (Selles et al., 2004; Rodriguez et al., 2007; Volker et al., 2011). Oceanic 
fracture zones contain significant volumes of serpentinite, which can harbor up to ~13 wt.% 
water (Bonatti and Honnorez 1976; Ulmer and Trommsdorf 1995). Fluid rich magmas and high 
degrees of partial melting sometimes correspond with subducted fracture zones (e.g., Grove et 
al., 2002; Jicha et al., 2004; Singer et al., 2007). For example, Jicha et al. (2004) calculated that 
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1-5% fluid was added to the mantle below Seguam, which sits above the Amila Fracture Zone in 
the Aleutians, and that basalts represented ~22% partial melting of the wedge at that location. 
This evidence suggests that subducted fracture zones may provide both a source and a conduit 
for significant volumes of slab-derived fluid into the mantle wedge. Rodriguez et al. (2007) also 
hypothesized that large amounts of water are being transported from the MFZ to the wedge 
beneath Nevado de Longavi, proximal to the TSPC. Jacques et al. (2013) also speculated that 
slightly lower δ18O values at Longavi may reflect fluid derivation from the subducted MFZ. The 
spike in Sr/Ce ratios (Fig. 3.3) as well as Sr-Pb isotopic similarities between Azul-Quizapu, 
TSPC, and Longavi (Fig. 3.4) indicate a common fluid to the mantle source of all three 
complexes. Since these volcanoes broadly overlie the projection of the MFZ, we infer that the 
MFZ supplies an increased fluid contribution to the mantle wedge beneath them. Further 
investigation would be necessary to confirm the link between the volcanic centers.  
3.7.5. Input of enriched mantle sources to the northern SVZ?  
Volcanoes of the northern SVZ (33-37°S), especially those north of 35°S, exhibit 
systematic latitudinal isotopic variations toward higher 87Sr/86Sr and lower 143Nd/144Nd values 
(Figs. 3.3,3.4). These characteristics have been attributed to increased lower crustal blending in 
MASH zones surrounded by older and more variable Paleozoic crust that coincides with crustal 
thickening (Hildreth and Moorbath 1988), or the increased input of subduction eroded crust to 
the mantle source region (Stern 1991a; Stern 2011), or some combination of both. These two 
processes are fundamentally different from each other (Stern 1991b). Subduction erosion 
supplies a crustal contaminant to the mantle wedge, whereas MASH operates by obliterating 
mantle melt signals through long-term magmatic processing in the lower crust. Neither of these 
processes alone, however, adequately explains the subtle compositional shift of southern LOS 
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volcanoes (Chilian to Osorno, at high 143Nd/144Nd > 0.5128) toward systematically lower Nd 
isotope ratios in PTS volcanoes (including Longavi) at about the same 87Sr/86Sr (~0.7040) value.  
The isotopic shift (i.e. the change in the N-S trends) between southern LOS and 
TSM/PTS magmas seems to broadly correspond to the surface expression of the Cortaderas 
Lineament in Argentina (Fig. 3.1), which, if extended below the active arc front, would pass 
between Longavi and Chilian (e.g., Kay et al., 2006a). The Cortaderas Lineament also marks a 
sudden decrease in major Cenozoic back arc volcanism to the south (at least from ~37 to 41°S) 
and may be the southern limit of transient Miocene shallow subduction (Kay et al., 2006a; Kay 
and Copeland 2006; Kay et al., 2006b). The behind-the-arc region north of the Cortaderas 
Lineament, on the other hand, shows significant amounts of magmatism, with mantle-derived 
melts often exhibiting enriched geochemical signatures (e.g., Kay et al., 2004; Kay et al., 2006a; 
Kay and Copeland 2006; Kay et al., 2006b; Bertotto et al., 2009; Ramos and Folguera 2011). 
One such example showing trace element-enriched signatures is the Payenia Volcanic Field, a 
large Quaternary basaltic province a few hundred kilometers east of the TSPC (Fig. 3.1). Chajan 
volcanics from Late Mesozoic rifting in the Pampean Range, farther north in Argentina (32-
34°S) show even greater degrees of incompatible trace element enrichment as well as 
significantly lower Nd-isotope ratios (Lucassen et al., 2002) than the SVZ array (Figs. 3.8,3.10a). 
Melts of ‘enriched mantle’ are also observed in the SVZ arc front, and most clearly manifested in 
‘TE enriched’ magmas at the TSPC (Figs. 3.2,3.5,3.6,3.9,3.11). The trace element and isotopic 
enrichments in ‘TE enriched’ magmas and their affinities toward behind-the-arc melts provide 
evidence of derivation partly from this enriched mantle source (Jweda et al., in prep-magma 
types).  
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Adding just 1% of enriched Chajan-like behind-the-arc type melts to the mantle source of 
‘prevalent TSPC mantle’ magmas reasonably generates the isotopic compositions of the ‘TE 
enriched’ magmas (line F in Fig. 3.10a). Input of Chajan-like behind-the-arc components to the 
SVZ mantle north of the Cortaderas Lineament thus lowers the 143Nd/144Nd ratios but has 
negligible impact on 87Sr/86Sr, while also contributing incompatible trace elements to the 
TSM/PTS magmas compared to those in the LOS. Since addition of behind-the-arc magma 
sources is more limited south of the Cortaderas Lineament, the LOS arc front magmas retain 
higher 143Nd/144Nd values. Thus, while this manuscript does not distinguish differences between 
lower crustal contamination and subduction erosion components, nor are we necessarily 
excluding either process from our model, it is clear from the data that enriched mantle 
components that exist beneath South America in the northern SVZ mantle can address the 
fundamental shift to lower 143Nd/144Nd in TSM/PTS magmas relative to the LOS. The offset in 
Pb-Pb isotopes of the TSM from mafic PTS magmas toward lower 206Pb/204Pb (Fig. 3.4b) may 
also be partially explained by contributions from enriched mantle. The detailed eruptive chrono-
stratigraphic study by Dungan et al. (2001) at the TSPC does however preclude a long-term 
large-scale magmatic zone in the lower crust envisaged by Hildreth and Moorbath (1988). 
While the notion that enriched mantle components have been added to the SVZ mantle 
wedge is not necessarily recent (Hickey et al., 1986; Hickey-Vargas et al., 1989; Stern 1991a; 
Kay et al., 2005), the source of these components is being questioned again by new investigators 
(Jacques et al., 2013; Jweda et al., in prep.-magma types). The Jacques et al. (2013) isotope melt-
mixing model requires mixing depleted South Atlantic MORB mantle (SAM-D) with enriched 
South Atlantic MORB mantle (SAM-E) to generate shifts in both Sr-Nd and Pb-Pb isotopes 
across the SVZ and back-arc volcanics. Unfortunately, the model suffers from having to call 
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upon a large fraction of SAM-E to generate northern SVZ Sr-Nd compositions and nearly only 
SAM-D to generate the same rocks in Pb-Pb isotopes. Kay et al. (2013) also found that back-arc 
basalts contained enriched geochemical signals strikingly similar to South Atlantic Tristan de 
Cunha (EM1-like components), but attributed those signatures to incorporation of continental 
lithosphere or subduction erosion input to the SVZ mantle wedge. They suggested that the age 
and distance of this enriched South Atlantic MORB mantle precluded it from interacting with the 
SVZ mantle. Although we cannot definitely rule out either possibility, we propose that 
components of enriched South American sub-continental lithospheric mantle from the Brazilian 
Shield have instead been advected trenchward and interacted with SVZ mantle wedge (Jweda et 
al., in prep.-magma types).    
3.7.6. Crustal impacts in generating the TSM/PTS segment magmas 
Crustal contamination is most recognizable in the northern SVZ where 87Sr/86Sr ratios 
and incompatible element contents systematically increase northward (Figs. 3.3,3.4), and where 
the thick crust below TSM/PTS volcanoes facilitates crustal assimilation. However, open system 
processes have been shown to be a near ubiquitous feature throughout the SVZ, even in the 
southern LOS volcanoes, located above relatively young thin mafic crust (e.g., Lopez-Escobar et 
al., 1985; Davidson et al., 1987; Hildreth and Moorbath 1988; Dungan et al., 2001; Dungan and 
Davidson 2004; Jicha et al., 2007; Reubi et al., 2011). The geochemical evidence for crustal 
overprinting in LOS magmas is much more subtle than at the TSM/PTS volcanoes. For example, 
based on U-series isotopes at Llaima, in the middle of the LOS, Reubi et al. (2011) argued that 
up to ~20% of the volcano’s plutonic roots are assimilated. Such assimilation of these roots, 
consisting of Tertiary intrusive rocks isotopically similar to SVZ mantle values, appears to have 
little leverage on mantle-derived Sr-Nd-Pb isotopes and have only thus far been clearly detected 
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with U-series isotopes. If we assume that mafic LOS magma Sr-Nd isotopes are relatively 
unaffected by crustal contamination, and if no other sources or processes play a significant role, 
then LOS magmas should represent the background Sr-Nd compositions in the SVZ mantle. 
Progressive mixing between those magmas and older, more variable crustal rocks to the north 
should reproduce the TSM/PTS Sr-Nd isotope array. However, no singular crustal mixing end-
member can lower 143Nd/144Nd without increasing 87Sr/86Sr values, which is required to generate 
PTS compositions from LOS magmas (Figs. 3.4,3.10). Therefore, another explanation is needed. 
TSM/PTS magmas are offset to lower Nd-isotopes compared to the LOS, a fundamental 
observation that cannot be easily explained by crustal contamination without invoking a 
complicated crustal mixing and assimilative process involving highly variable crustal 
components (Figs. 3.4,3.7). Even with such a model, it would be fortuitous that the low Sr-
isotope end-member in the TSM (Maipo lava with 87Sr/86Sr ~0.7044; Fig. 3.4) overlaps with the 
TSPC ‘TE enriched’ magma end-member. We suggest an alternative model, whereby a magma 
source much like the one that generates the TSPC ‘TE enriched’ magmas serves as a mantle end-
member for the magmas in the northern SVZ segment. The ‘TE enriched’ magmas reflect the 
addition of enriched behind-the-arc mantle components to more typical mantle wedge 
compositions observed in the south (in the case of the TSPC, it is the ‘prevalent TSPC mantle’). 
Taking this into account, the TSM/PTS trend can be generated by melting of this mixed 
‘northern SVZ’ mantle and mixing it with progressively increasing amounts of Late Paleozoic 
intrusive rocks to the north. A mixing curve illustrating such crustal contamination is shown as 
line G in Figure 3.10a. Bulk mixing ~40% of Late Paleozoic granite with a composition like the 
TSPC ‘TE enriched’ end-member magma demonstrates how the most 87Sr/86Sr enriched magmas 
of the northern SVZ could be produced. We acknowledge that ~40% intrusive contaminant is a 
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large percentage and would require an unreasonably high heat source. This process would have 
to be iterative. And of course, this scenario does not preclude the inevitable assimilation of 
highly variable crustal compositions and various degrees of contamination, but rather offers a 
highly simplified crustal contamination pathway to explain the observed TSM/PTS isotopic 
variations where Sr-isotopes increase as Nd-isotopes tend to flat-line.  
3.7.7. Generation of the ‘prevalent TSPC mantle’ magmas 
Trace element melting models in arc settings provide important constraints on the 
composition of the sub-arc mantle wedge and the melting systematics involved (e.g., Borg et al., 
1997; Class et al., 2000; Jicha et al., 2004; Gazel et al., 2009; Moore and DeBari 2012). Here we 
generate ‘prevalent TSPC mantle’ magmas from the subduction modified SVZ mantle wedge 
using the mantle and slab contributions identified above, and compare those model results with 
magma compositions in terms of both trace element patterns and isotope ratios. Our effort is 
among relatively few successful holistic attempts in the SVZ to elucidate geochemical 
characteristics of the mantle through trace element modeling. The lack of modeling in the SVZ is 
in part due to uncertainty over the impacts of crustal overprinting and the paucity of 
comprehensive datasets on the subducting trench sediment compositions. Crustal contamination 
issues have been alleviated at the TSPC by filtering out open system processes and identifying 
mantle-derived end-member magmas (Jweda et al., in prep.-magma types). 
We have shown that the compositions of ‘prevalent TSPC mantle’ magmas, which 
represent the most common and least crustally contaminated magmas at the TSPC, indicate that 
the trace element composition of the pre-subduction asthenospheric SVZ mantle wedge is 
enriched in incompatible trace elements compared to a depleted N-MORB source mantle, and is 
like enriched Pacific MORB compositions (e.g., Sm/La <1, Fig. 3.8a). Therefore, we assumed 
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that the pre-subduction mantle had the trace element composition of an E-MORB source (e.g., 
Donnelly et al., 2004), similar to ‘primitive mantle’ (e.g., McDonough and Sun 1995). Direct 
melts (even at low melt fractions) of such an asthenospheric mantle source, however, would not 
produce enrichments in fluid mobile elements (e.g., Ba, Pb, Sr) or HFSE depletions characteristic 
of ‘prevalent TSPC mantle’ magmas (or arc magmas in general). The distinct geochemical 
signals of arc-related magmas are generated within the subduction regime where slab materials 
are recycled into the overlying mantle wedge, modifying the asthenospheric mantle composition 
(e.g., Plank and Langmuir 1993; Plank 2005). In order to determine the sources of these 
characteristics, we have tested the impact of several component contributions using isotopic 
mixing models and trace element arguments. The most plausible scenario for generating the SVZ 
mantle wedge composition is the incorporation of bulk trench sediment into an E-MORB-like 
mantle, followed by wedge infiltration of solute-rich fluid derived from the subducted Nazca 
Plate. The impact of mixing each source into the mantle wedge causes partial melting, although 
addition of solute-rich fluid most likely triggers the high melt fractions responsible for producing 
mantle-derive arc magmas that eventually erupt (e.g., Gaetani et al., 1993; Gaetani and Grove 
2003; Grove et al., 2009; Grove et al., 2012). Trace element models below attempt to reproduce 
the mantle source of ‘prevalent TSPC mantle’ magmas by mixing contributions from each of 
these components into the mantle and then applying partial melting calculations to best fit the 
observed compositions.  
Following the isotopic mixing calculations detailed above, the trace element composition 
of the SVZ mantle beneath the TSPC is calculated using the following approach. To start, 9% 
bulk Chilean trench sediment is added mechanically to the pre-subduction ‘E-MORB’ mantle 
wedge. Trace element compositions of each of the components used in the mixing / melting 
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Table 3.3: Partition coefficients used in the trace element partial melting models. 
 
xls/liq Ol1 Opx1 Cpx1 Spl1 Grt1 Ilm2 Bulk D3 
Cs 1.0E10-9 0.00001 0.0036 1.0E10-9 0.00001 0.0003 0.000444 
Rb 1.0E10-9 0.00001 0.0072 1.0E10-9 0.00001 0.0003 0.000876 
Ba 1.0E10-9 0.00001 0.0058* 1.0E10-9 0.00001 0.0003 0.000732 
Th 1.0E10-9 0.00001 0.01 1.0E10-9 0.00001 0.0006 0.00122 
U 1.0E10-9 0.00001 0.003 1.0E10-9 0.005 0.0082 0.000757 
Nb 0.001 0.029 0.0077 0.01 0.013 2.0000 0.0658 
Ta 0.001 0.029 0.0077 0.01 0.013 1.7000 0.0568 
La 0.000007 0.001 0.0536 0.006 0.001 0.0000 0.00660 
Ce 0.0001 0.003 0.0858 0.006 0.009 0.0001 0.0110 
Pb 0.0001 0.003 0.072 1.0E10-9 0.005 0.0001 0.00925 
Pr 0.00004 0.006 0.13 0.006 0.033 0.0002 0.0174 
Sr 0.00001 0.003 0.1283 1.0E10-9 0.007 0.0047 0.0161 
Nd 0.00007 0.009 0.1873 0.006 0.057 0.0005 0.0254 
Zr 0.004 0.04 0.1234 0.07 0.5 0.2900 0.0465 
Hf 0.004 0.04 0.256 0.07 0.5 0.3800 0.0651 
Sm 0.0007 0.02 0.291 0.006 0.217 0.0006 0.0445 
Eu 0.00095 0.03 0.33 0.006 0.45 0.0011 0.0577 
Gd 0.0012 0.04 0.37 0.006 0.9 0.0034 0.0775 
Tb 0.0026 0.05 0.41 0.006 1.5 0.0067 0.103 
Dy 0.004 0.06 0.442 0.0015 2 0.0100 0.124 
Ho 0.007 0.065 0.43 0.0023 2.8 0.0110 0.149 
Y 0.023 0.1 0.467 0.0045 7 0.0210 0.296 
Er 0.009 0.09 0.43 0.003 3.5 0.0110 0.175 
Yb 0.023 0.1 0.43 0.0045 7 0.1700 0.300 
Lu 0.03 0.12 0.433 0.0053 9 0.0840 0.361 
 
1Partition coefficients for olivine (ol), orthopyroxene (opx), clinopyroxene (cpx), spinel (spl), 
and garnet (grt) are taken from the peridotite melting compilation by Kelemen et al. (2003). 
2Partition coefficients for ilmenite (ilm) are taken from Klemme et al. (2006) 
3Bulk D’s are calculated for a garnet lherzolite mantle composition with the mineral assemblage 
ol:opx:cpx:grt:ilm in the proportions of 69:13:12:3:3. 
*Partition coefficient for Ba in cpx is from Hauri et al. (1994). 
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model are given in Table 3.2. This mixture yields an SVZ mantle source enriched in the most 
highly incompatible elements and some of the aqueous fluid mobile elements, while the REE 
exhibit only a relatively small increase in the LREE/HREE compared to the flat E-MORB mantle 
trace element pattern (Fig. 3.11). To simulate the impact of subduction modification on the 
wedge, a small degree partial melt is produced and then extracted from this source. We use an 
equilibrium (batch) melting process because it is consistent with flux melting where crystals and 
melt continuously remain in communication while they ascend (Grove et al., 2002). For 
simplicity, the melt is calculated using the modal melting equation (Shaw 1970), using melt 
fractions (F = 0.1%) that ultimately best fit the trace element patterns of the ‘prevalent TSPC 
mantle’ end-member magmas. We used a compilation of experimental partition coefficients, 
given in Table 3.3, at mantle conditions (Hauri et al., 1994; Kelemen et al., 2003c; Klemme et 
al., 2006). The SVZ mantle wedge source is assumed to be garnet lherzolite with a mineral 
assemblage of ol + opx + cpx + grt in the proportions of 73:10:15:2. The presence of a small 
percentage of residual garnet in the mantle source below the TSPC is evident from the HREE 
depletions (Fig. 3.5) as well as the high Gd/Yb ratios (~1.9) in ‘prevalent TSPC mantle’ magmas 
relative to Pacific MORB (~1.5) (Fig. 3.9a). The slab depth of ~110 km below the TSPC is 
consistent with melt generation in the garnet stability field (Tassara 2005a; Tassara et al., 2006). 
Since SVZ volcanoes to the south of Longavi (Fig. 3.1) have shallower slab depths and exhibit 
flattened HREE patterns, garnet appears to play a reduced role in the southern SVZ mantle 
wedge along with decreasing crustal thickness and slab depth. 
The residual mantle source, after sediment incorporation and a subsequent melt 
extraction, is then mixed with 4% slab derived fluids (1% fluid released from the JFm oceanic 
crust) to produce the ‘prevalent TSPC mantle’ source composition (thick green line in Fig. 
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3.11a). The trace element pattern of the JFm slab-derived solute-rich fluid (thick blue line in Fig. 
3.11a) is similar to MORB-derived fluids estimated at other arcs (e.g., Class et al., 2000; Singer 
et al., 2007). The modeled ‘prevalent TSPC mantle’ source composition shows the same general 
pattern as the E-MORB-sediment mixture, but has slightly lower more-incompatible elements 
(Cs through Th) as well as clear enrichments in Ba and Sr. Infiltration of the wedge by this 
solute-rich fluid induces a large degree of melting that results in the generation of ‘prevalent 
TSPC mantle’ magmas. We assumed that the subduction-modified garnet lherzolite mantle had 
the same mineralogy as before. Partial melting of the ‘prevalent TSPC mantle’ source was 
modeled over a range of melt fractions, but the trace element patterns of end-member ‘prevalent 
TSPC mantle’ magmas are best replicated at high melt fractions (on the order of F = 22%, the 
gray line in Fig. 3.11b).  
The results of trace element modeling indicate that the ‘prevalent TSPC mantle’ source 
has undergone a two-stage melting process. If both the bulk sediment and solute-rich fluid are 
added sequentially to the E-MORB-like source and then partial melting occurs, the quantitative 
model over-estimates the abundances of the most highly incompatible elements (especially Cs 
through Th) compared to ‘prevalent TSPC mantle’ magmas. In order to satisfy the mathematical 
constraints, a very low degree melt (F ~0.1 %) must be extracted from the mantle source to 
substantially reduce the abundances of highly incompatible elements without impacting the 
abundances of MREE and HREE prior to the main melting event (F ~22%) that is responsible for 
producing ‘prevalent TSPC mantle’ magmas. A plausible scenario, like the one outlined above, 
is that the subduction-modified residual mantle (after the low F melting event) beneath the TSPC 
undergoes a second, ‘more recent’ and much-larger partial melt extraction when a large amount 
of solute-rich fluid is released by the subducted basaltic crust. This two-stage melt model 
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composition closely approximates the actual incompatible element and REE abundances in 
‘prevalent TSPC mantle’ magmas. An equally plausible scenario, albeit with a slightly more 
complicated delivery sequence, is that bulk sediment and a small amount of solute-rich fluid are 
added to the asthenospheric mantle and induce a small partial melting event. A second but larger 
fluid addition induces large scale melting. The mathematical models do not discriminate between 
these different scenarios, but rather suggest that generation of ‘prevalent TSPC mantle’ is a 
multi-step process.  
The degree of partial melting (F =22%) implied by the melting model for ‘prevalent 
TSPC mantle’ magmas is relatively high, but within the range of reasonable estimates (F = 10-
25%) for arc volcanism (Plank and Langmuir 1988). This high degree of melting is also 
consistent with modeled melt fractions (F ~20%) at Volcan Villarrica in the southern SVZ (Sun 
2001). The large melt fractions required to match observed ‘prevalent TSPC mantle’ magmas 
might reflect extensive partial melting due to the input of large amounts of fluid to the wedge 
from dehydration of water-rich serpentinite along the subducted MFZ, which trigger extensive 
melting. In the Aleutian Island arc, Jicha et al. (2004) also postulated that unusually high fluid 
addition from a subducted oceanic fracture zone was responsible for a relatively high degree of 
melting (F ~22%) at Seguam.  
3.8. Summary 
The geochemical characteristics of mantle-derived TSPC magmas provide important 
information about the composition of the SVZ mantle wedge and links between slab inputs, 
degree of partial melting, and volcanic outputs in the southern Andes. The ‘prevalent TSPC 
mantle’ magmas, which best represent melts of the subduction-modified SVZ mantle wedge 
(Jweda et al., in prep.-magma types), indicate that the pre-subduction SVZ mantle has an ‘E-
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MORB’ mantle composition. Protracted subduction along the Andean margin has subsequently 
modified the composition of the SVZ mantle wedge by adding various slab components from the 
downgoing Nazca Plate. These contributions are quantified through a mass balance approach 
using isotopes and trace element abundances. 
Generation of the ‘prevalent TSPC mantle’ in the SVZ mantle wedge is best explained by 
a two-stage, three component mixing model. A pre-subduction South American mantle, having 
an E-MORB trace element and isotopic composition, is mixed with ~7-11% bulk subducted 
Chilean trench sediment and is introduced to the wedge through the subduction process. On the 
basis of isotopic mixing calculations, the southern SVZ mantle (represented by melts at LOS 
volcanoes) is also mixed with ~5-7% bulk trench sediment with slightly increasing Sr-isotopic 
values southward. This scenario is consistent with the subtle southward increase in 87Sr/86Sr 
values in LOS magmas, despite the relative constancy of crustal thickness. After trench sediment 
incorporation into the mantle wedge, the ‘prevalent TSPC mantle’ is subsequently infiltrated by 
~4% solute-rich fluid derived from ~1% dehydration of Pacific (specifically JFm composition, 
based on Sr-Pb isotopic relationships) MORB crust. Various combinations of mantle source and 
Chilean Trench sediment compositions are modeled, but this mixture most reasonably fits 
isotopic and trace element constraints in SVZ magmas.  
To explain the subtle compositional shift of LOS volcanoes (Chilian to Osorno, at high 
143Nd/144Nd > 0.5128) to systematically lower 143Nd/144Nd values in PTS volcanoes (including 
Longavi) at about the same 87Sr/86Sr (~0.7040), we propose that enriched South American 
mantle components advected trenchward from the behind-the-arc region are incorporated into the 
northern SVZ mantle wedge, north of the Cortederas Lineament. Northern SVZ isotopes (those 
from the PTS/TSM arc segment) may thus represent a mixture between this enriched behind-the-
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arc mantle source and increasing amounts of Late Paleozoic intrusive rocks. Isotopic mixing 
models show that by adding just ~1% melt of the enriched mantle to ‘prevalent TSPC mantle’ 
source, the isotopic composition of ‘TE enriched’ magmas are reproduced. Since ‘TE enriched’ 
magmas overlap with the least crustally contaminated TSM end-member (at low 87Sr/86Sr), we 
are able to generate the progressive Sr-Nd isotopic changes in the TSM by mixing increasing 
amounts of Late Paleozoic crust to the behind-the-arc enriched mantle source. This model 
neglects the complicated assimilation and crystal fractionation scenario that is more than likely at 
play below the northern SVZ, but it offers a highly simplified crustal contamination pathway to 
explain the observed TSM isotopic variations. 
Using the estimated source contributions, constrained by isotopic mixing calculations, in 
a modal batch melting model, trace element patterns of partial melts derived from the calculated 
subduction-modified SVZ mantle wedge are quantified. The composition of end-member 
‘prevalent TSPC mantle’ magmas are best fit by a two-stage melting model where the residue 
from mantle that underwent a small melt (F = 0.1%) extraction are partially melted at a high 
extent of melting (F = 22%), triggered by the addition of slab-derived solute-rich fluid to the 
SVZ mantle wedge beneath the TSPC. This relatively high melt fraction appears to be associated 
with the subducted oceanic Mocha Fracture Zone. The MFZ below the TSPC and surrounding 
neighbors (Azul-Quizapu and Longavi) potentially delivers large volumes of solute-rich fluid 
derived from dehydration to the SVZ mantle wedge and acts as a conduit for infiltrating fluids, 
which initiate large extents of partial melting of the mantle wedge.  
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Tatara-San Pedro Volcano, Chile  
Note: To be submitted to JPet or Contrib. Mineral. Petrol.? 
J. Jweda1*, S. L. Goldstein1, M. A. Dungan2,3, C. H. Langmuir4, Y. Cai1, D. Himmel1, and J. 
P. Davidson5 
 
1Lamont-Doherty Earth Observatory and Department of Earth and Environment Science, 
Columbia, Columbia University, 61 Rt. 9W, Palisades, New York 10964, USA 
 
2Section des Sciences de la Terre, Université de Genéve, 13 rue des Maraîchers, 1205, Geneva, 
Switzerland 
 
3present address: Department of Geological Sciences, University of Oregon, Eugene Oregon 
97401, USA 
 
4Department of Earth and Planetary Sciences, Harvard University, 20 Oxford Street, Cambridge, 
Massachusetts 02138, USA 
 




The comprehensive dataset at the Quaternary Tatara-San Pedro complex (TSPC) provides 
an unparalleled sample diversity and robust perspective on mantle-derived magmas in the 
Chilean Southern Volcanic Zone (SVZ). A TSPC geochemical study by Jweda et al. (magma 
types-in prep.) showed that mafic magmas are derived from three chemically and isotopically 
distinct mantle end-member compositions (‘prevalent TSPC mantle’, ‘low High Field Strength 
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Element’, ‘Trace Element enriched’). The Upper Placeta San Pedro Sequence (UPSPS), a 
mainly basaltic lava series that erupted over a short interval at ~235-240 ka, stands apart 
geochemically from the mafic magma suite that spans the long-lived (>900 ka) TSPC volcanic 
history. The UPSPS magmas represent a unique series that has been difficult to reconcile with 
the geochemistry of the other mafic TSPC magmas.  
We present new chemical and Nd-Hf-Pb-Sr isotope data on UPSPS magma sources and 
petrogenesis. UPSPS magmas have distinct lower and upper stratigraphic units (L- and U-
UPSPS), on the basis of different isotopic signatures, which reflect two magmatic pulses with 
different mantle sources. These isotopic signatures fall between the end-member compositions of 
the TSPC mafic suite and show that UPSPS magmas are derived from the same three mantle 
end-member sources, and are also distinct from other SVZ volcanoes. For example, Hf-Nd 
isotopes of UPSPS magmas fall on the same binary array as the rest of the TSPC mafic magmas, 
bounded by the ‘TE enriched’ end-member on one hand, and the ‘prevalent TSPC’ and ‘low 
HFSE’ end-members on the other. However, beyond this coherence with Nd-Hf isotopes, the 
coupling of radiogenic isotopes and the trace element geochemistry in UPSPS magmas is 
different from the other TSPC mafic magmas. A large subset of magmas, particularly the L-
UPSPS, has Nd-Hf-Sr isotopes like ‘TE-enriched’ magmas, but none of the UPSPS magmas 
show the enrichments in incompatible trace elements that otherwise characterize the ‘TE 
enriched’ magma type. Nd-Sr isotopes of the U-UPSPS magmas are similar to the ‘low HFSE’ 
end-member. In contrast to the rest of the TSPC mafic suite where ‘prevalent TSPC mantle’ 
compositions are predominant, none of the UPSPS samples have Nd-Sr isotopes like the 
‘prevalent TSPC mantle’. Furthermore, UPSPS magmas have Pb isotopes most like the ‘low 
HFSE’ magma type. UPSPS magmas also contain low abundances of fluid-immobile 
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incompatible elements but strong enrichments in aqueous fluid-mobile elements, characteristics 
strikingly similar to ‘low HFSE’ magmas.  
The interpreted petrogenesis of UPSPS magma groups is based on the premise that 
radiogenic isotopes reflect magma sources and that trace element chemistries reflect recent 
melting processes. Taking these isotopic and trace element relationships into account, the L-
UPSPS magmas are envisioned to be derived from an ‘TE enriched’ enriched mantle source with 
low Nd-Hf isotope ratios. However, the low abundances of fluid-immobile incompatible 
elements in L-UPSPS show that silicate melt was recently removed from their mantle source. 
The Nd-Hf isotope ratios of U-UPSPS magmas, on the other hand, implicate a magma source in 
transition between eruptions toward a ‘prevalent TSPC mantle’ source. High ratios of aqueous 
fluid-mobile/immobile elements in all the UPSPS magmas, such as enriched Sr/Nd and 
distinctive Sr-Pb isotope ratios, indicate that these magmas were generated through fluxing of the 
incompatible trace element depleted mantle wedge by solute-rich fluids derived from the 
subducted Pacific oceanic crust. These fluids not only contributed extra Pb and Sr, but were the 
necessary trigger that caused partial mantle melting. This scenario reconciles the unique trace 
element-isotope combinations in the UPSPS sequence with the overall TSPC mantle framework. 
4.2. Introduction  
Arc magmas are derived from a variety of lithologically and geochemically heterogeneous 
sources and are the products of a complex set of igneous processes in the so-called subduction 
factory. Contributions from subducted basaltic oceanic crust and sediment play important roles 
in modifying the composition of the subarc mantle wedge, and erupted melts produced from it, 
through processes such as bulk addition, dehydration and/or melting (e.g., Kay 1978; Kay et al., 
1978; Kay 1980; Gill 1981; Tera et al., 1986; Davidson 1987; Hawkesworth et al., 1991; 
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McCulloch and Gamble 1991; Plank and Langmuir 1993; Elliott et al., 1997; Class et al., 2000; 
Elliott 2003). The nature and magnitude of the interactions between these subduction 
components with the mantle is strongly debated, and likely varies significantly between volcanic 
arcs. Additionally, arc magmas undergo a variety of processes, including differentiation, magma 
mixing, and crustal assimilation on their ascent through the mantle wedge and crust, which often 
alter or mask the compositions of primary mantle melts (e.g., Hildreth and Moorbath 1988; 
Dungan et al., 2001; Handley et al., 2008). Deciphering mantle-derived sources and elucidating 
the processes that affect arc magma evolution en route to the surface is therefore particularly 
challenging at volcanoes overlying thick continental crust.  
High-density sampling and well-constrained stratigraphic reconstructions of volcanic 
sequences can provide a robust basis for evaluating the origin and evolution of arc magmas (e.g., 
Hildreth and Lanphere 1994; Bacon and Lanphere 2006; Singer et al., 2008; Price et al., 2012). 
The volcanic reconstruction at the Quaternary Tatara-San Pedro Complex (TSPC, a list of 
acronyms used in this article are given in Table 4.1) in the Southern Volcanic Zone (SVZ) of 
Chile by Dungan and coworkers (Davidson et al., 1987; Davidson et al., 1988; Ferguson et al., 
1992; Feeley and Dungan 1996; Singer et al., 1997; Feeley et al., 1998; Dungan et al., 2001; 
Dungan et al., 2007) is one of the most comprehensive ever built for an arc volcano. On the basis 
of this reconstruction, combined with stratigraphic control and new trace element and isotopic 
data, Jweda et al. (magma types-in prep.) distinguished mantle sources from crustal processes at 
this thick-crust continental arc volcano. The exhaustive dataset and the important elucidations 
from it have led to a new understanding of the magmatic systematics involved in forming TSPC 
magmas, with implications for magmatism throughout the SVZ.  
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Table 4.1: Acronyms used used in Chapter 4. 
 
Acronym Meaning 
AFC Assimilation, Fractional Crystallization 
AOC Altered Oceanic Crust 
FC Fractional Crystallization 
CR Chile Rise 
EPR East Pacific Rise 
HFSE High Field Strength Elements 
HREE Heavy Rare Earth Elements 
ICP-MS Inductively Coupled Plasma Mass Spectrometer 
JFm Juan de Fernandez microplate 
LDEO Lamont-Doherty Earth Observatory 
LILE Light Ion Lithophile Elements 
LREE Light Rare Earth Elements 
MASH Melting, Assimilation, Storage, Homogenization 
MFZ Mocha Fracture Zone 
MIT Massachusetts Institute of Technology 
MORB Mid-Ocean Ridge Basalt 
MREE Middle Rare Earth Elements 
OIB Ocean Island Basalt 
REE Rare Earth Elements 
SCLM Sub-Continental Lithospheric Mantle 
SVZ Southern Volcanic Zone 
TE Trace Element 
TIMS Thermal Ionization Mass Spectrometer 
TSPC Tatara-San Pedro Complex 
UPSPS Upper Placeta San Pedro Sequence 
L-UPSPS Lower – UPSPS 
U-UPSPS Upper – UPSPS 
XRF X-ray Fluorescence 
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Based on the extensive sampling (Dungan et al., 2001) of lava sequences over its > 900 ka 
history (Singer et al., 1997), Jweda et al. (in prep. magma types) distinguished three distinct 
mafic mantle-derived end-member compositions at the TSPC; these are ‘prevalent TSPC 
mantle’, ‘low High Field Strength Element’ (‘low HFSE’), and ‘Trace Element enriched’ (‘TE 
enriched’). Each magma group shows characteristic isotopic and incompatible trace element 
signatures (these characteristics are summarized in Table 4.2). Here we focus on the petrogenesis 
of one volcanic phase in particular, the Upper Placeta San Pedro Sequence (UPSPS), which 
exhibits combined trace element-isotope relationships that differ from the other eruptive 
sequences. Although UPSPS magmas span a relatively large portion of the range in Nd-Hf-Sr-Pb 
isotopic compositions, they have a limited range of incompatible trace element compositions 
compared with the rest of the mafic TSPC magmas. Until now these geochemical characteristics 
have not been easily understood within the perspective of the three mantle-derived end-member 
magmas.  
The UPSPS is a basaltic lava series that erupted over a short duration at ~235-240 ka with 
internally variable incompatible trace element concentrations and ratios. All but a few UPSPS 
lavas carry xenocrystic cargoes, consisting primarily of single crystals and intergrowths of 
plutonic-textured olivine, spinel, clinopyroxene, and plagioclase, interpreted to reflect 
assimilation of mafic-ultramafic cumulates in the plutonic roots of the TSPC (Dungan et al., 
2001; Dungan and Davidson 2004; Costa and Dungan 2005; Dungan et al., 2007). Previous 
studies of UPSPS lavas have focused on their major and trace element compositions because the 
restricted variability and number of samples analyzed for Sr-Nd isotopes offered limited 
additional information about UPSPS sources and magmatic evolution (Dungan et al., 2001; 
Dungan and Davidson 2004). Here we present new trace element and Nd-Hf-Pb-Sr isotopic data
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Table 4.2: General characteristics of the TSPC mafic magma end-members. TSPC mafic end-
members are distinguished and described in Jweda et al. (magma types-in prep.). Different 
designations indicate relative values (L=low, L-M= low-medium, M=medium, M-H=medium-
high, H=high) within the broad mafic TSPC field. 
 
Geochemical Attribute	   low-HFSE	   prevalent TSPC mantle	   TE-enriched	  
Fluid-immobile element abundances	   L	   L-M	   H	  
Fluid-immobile element ratios	   L	   L-M	   H	  
Fluid-mobile element abundances	   M-H	   L-M	   M	  
Fluid-mobile/immobile elements	   H	   M	   L	  
143Nd/144Nd	   M-H	   M-H	   L	  
176Hf/177Hf	   M-H	   M-H	   L	  
87Sr/86Sr	   L	   M	   M-H	  
206Pb/204Pb H M L-M 
207,208Pb/204Pb	   L	   M	   M-H	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 on 68 UPSPS lava samples, and interpret these in the context of the rest of the mafic TSPC 
magma suite. The new data are used to elucidate the mantle sources and processes that have 
contributed to the generation of UPSPS magmas.  
In reconciling geochemical signatures of UPSPS magmas with the rest of the TSPC, we 
interpret their isotopes as fingerprinting mantle and subducted slab sources while their trace 
elements as reflecting recent melting processes. The Nd-Hf-Pb-Sr isotope ratios of UPSPS 
magmas are bounded by the three mafic TSPC end-member compositions, distinct from the 
range of compositions in other SVZ volcanoes, and thus reflect derivation from the same mantle 
sources as the rest of the TSPC. Eruptive stratigraphic constraints allow us to distinguish lower 
and upper UPSPS stratigraphic units (L- and U-UPSPS) with different Sr-Nd-Hf isotopic 
signatures. Distinct isotopic signatures indicate divergent magma sources for the two units. 
Despite different isotopic compositions, parental magmas of L- and U-UPSPS units show similar 
trace element chemistries. Parent magmas have low abundances of fluid-immobile incompatible 
trace elements, similar to the ‘low HFSE’ magma type and trace element depleted examples of 
the ‘prevalent TSPC mantle’, as well as high aqueous fluid mobile/immobile trace element ratios 
similar to the ‘low HFSE’ magma type. While none of the UPSPS samples have trace element 
patterns like the ‘TE enriched’ magmas, the L-UPSPS magmas have Nd-Hf-Sr isotope ratios like 
those of the ‘TE enriched’ group. We can conclude therefore that the mantle magma sources and 
petrogenetic processes undergone by UPSPS magmas are the same as those recognized in other 
mafic TSPC magmas, but that the combination of these sources and processes are unique to the 
UPSPS magmatic suite.  
4.3. Geology of Tatara-San Pedro and the Upper Placeta San Pedro Sequence  
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The TSPC is a large (~55 km3, ~250 km2), long-lived Quaternary frontal arc stratovolcano 
complex (i.e., comprising multiple, variably eroded edifices) in the central SVZ at 36°S, 70.9°W 
(Fig. 4.1a). TSPC lavas have a wide range of compositions from primitive basalts to evolved 
rhyolites, with basaltic andesites (52-56 wt.% SiO2) dominating the erupted volume of the 
complex (Singer et al., 1997; Dungan et al., 2001). The TSPC overlies ~43 km thick continental 
crust composed of Tertiary volcaniclastic sedimentary and metavolcanic rocks, as well as local 
Late Miocene granitic intrusions (e.g., Drake et al., 1982; Nelson et al., 1999; Lucassen et al., 
2004; Tassara 2005a; Tassara et al., 2006). Volcanic activity, including neighboring Pellado 
volcano, spans ~930 kyr and includes at least eight major construction episodes (distinct lava 
sequences based on geochemical and stratigraphic relationships) that are separated by magmatic 
and erosional hiatuses (Ferguson et al., 1992; Singer et al., 1997; Dungan et al., 2001). The most 
recent of these volcanic episodes is centered at the Volcan San Pedro edifice, which erupted 
during the Holocene (Costa and Singer 2002). Extensive glacial (particularly on the southern 
flank) and fluvial erosion has formed deeply incised canyons (with up to ~1 km of vertical 
exposure) throughout the complex that has facilitated nearly continuous geologic sampling from 
the Holocene San Pedro volcano to Cenozoic basement rocks (Singer et al., 1997; Dungan et al., 
2001). A simplified geologic map showing the locations of major volcanic sequences, principal 
vents, and sampling traverses is shown in Figure 4.1b. While individual lava sequences record 
internal differentiation trends, no progressive compositional trend between successive sequences 
through time has been discerned at the TSPC (Dungan et al., 2001).  
The UPSPS basaltic (49.9-52.3 wt.% SiO2, Fig. 4.2) lava series represents a voluminous 
volcanic episode preserved in the northwest quadrant of the TSPC, primarily on Placeta San 
Pedro (PSP in Fig. 4.1b) (Singer et al., 1997; Dungan et al., 2001). These lavas constitute thick
 




Figure 4.1: a) Regional map of the Southern Volcanic Zone (SVZ) of southern Chile and the 
location of the Tatara-San Pedro Complex (TSPC) study area plotted on a GeoMapApp base.  
Inset shows the position of the SVZ within South America.  SVZ arc segmentation scheme 
following Dungan et al., 2001: Tupungatito-Maipo segment (TSM, red triangles); Palomo-TSPC 
segment (PTS, green triangles); Longavi-Calbuco segment (LOS, blue triangles).  Locations of 
large Payenia behind SVZ basaltic volcanoes (gray triangles) as well as prominent tectonic 
features are marked. Map modified from Jweda et al. (magma types-in prep.). b) Geologic map 
of the TSPC with eruptive chrono-stratigraphic sequences highlighted and sampling traverses 





























Figure 4.2: Major element variation diagrams. All sampled UPSPS and TSPC lavas from 
Dungan and coworkers are plotted. FeO*=0.899*(Fe2O3) in wt.%. UPSPS lavas have been 
distinguished by stratigraphic position as described in the text and given in Table 4.5. 
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 (~5-12m) crystal-rich basalt flows that erupted from a now-eroded vent and flowed to the WNW 
in broad paleo-valleys that form a cumulative package of at least 200 m in thickness (Dungan et 
al., 2001; Dungan et al., 2007). Most of the lava flows appear to be laterally extensive, but there 
is some uncertainty in stratigraphic correlations between flows sampled from different drainages 
on opposing edges of Placeta San Pedro. Some of the uncertainty also arises from the fact that 
individual flows are heterogeneous. There is no evidence of erosional discordance or internal 
hiatus in volcanic activity within the UPSPS series (Dungan et al., 2001; Dungan et al., 2007). 
The UPSPS lavas appear to have erupted during a ‘short’ but intense eruptive episode. 
Paleomagnetic directions are tightly clustered, providing evidence that all lava flows recorded 
the same magnetic field (Dungan et al., 2001; Brown et al., 2004; Dungan et al., 2007). 40Ar/39Ar 
ages indicate that the entire UPSPS was erupted at ~235-240 ka (Singer et al., 1997; Dungan et 
al., 2001). All of the ages fall within the measurement uncertainty and cannot be distinguished. 
Furthermore, diffusion modeling in olivine xenocrysts suggest that the time between 
assimilation-entrainment and eruption ranges from <1 yr to ~25 yr, which represents a very short 
duration (Costa and Dungan 2005). The voluminous nature and ‘short’ eruptive timescale of the 
UPSPS reflects a relatively large, rapid pulse of volcanic activity just following the glacial 
Marine Isotope Stage 8 (Singer et al., 1997; Lisiecki and Raymo 2005). 
4.4. TSPC magma types and their sources  
Jweda et al. (magma types-in prep.) evaluated the complete TSPC chemical dataset (with 
the exception of only UPSPS and Volcan Pellado magmas) in order to isolate the “least 
contaminated” TSPC magma suite (<56 wt.% SiO2 and Rb/Y <1.75). They grouped these mafic 
magmas into three distinct compositional types based on trace element systematics. The trace 
element patterns of the extreme end-members of each of these groups are shown in Figure 4.3.
 




Figure 4.3: a) Trace element patterns of UPSPS magmas normalized to primitive mantle 
(McDonugh and Sun, 1995). Ta in UPSPS samples was not plotted because of a W-carbide 
contamination issue. Normalized trace element patterns of the three distinct TSPC mantle-
derived end-member magma compositions identified in Jweda et al. (magma types-in prep.) are 
plotted for reference. The respective parent magmas of the two UPSPS stratigraphic units are 
plotted as black-gray lines. All UPSPS magma trace element abundances plot between ‘prevalent 
TSPC mantle’ and ‘TE enriched’ magma end-members except for the UPSPS parent magmas, 
which plot with or slightly below the ‘prevalent TSPC mantle’ magma end-members. b) Trace 
element patterns of only the UPSPS parent magmas with TSPC mantle derived end-members. c) 
Trace element patterns of UPSPS parents normalized to the ‘prevalent TSPC mantle’ end-
member magma (QCNE.1). d) Trace element patterns of UPSPS parents normalized to the most 
depleted ‘low HFSE’ (QTW14.9) magma at the TSPC. 
 
  173 
 
Of the three magma types, the ‘TE-enriched’ magmas have the highest incompatible trace 
element abundances, highest ratios of large ion lithophile elements (LILE) and light rare earth 
elements (LREE) to heavy rare earth elements (HREE), and the smallest “negative anomalies” 
of high field strength elements (HFSE). At the other extreme are the ‘low HFSE’ magmas with 
the lowest abundances of incompatible elements (especially Nb and Ta, and other aqueous fluid-
immobile incompatible trace elements), high fluid-mobile element abundances (e.g. Sr 
concentrations are even higher than in ‘TE enriched’ magmas), and high fluid-mobile/immobile 
trace element ratios (e.g., Sr/Nd and Pb/Ce). The ‘prevalent TSPC mantle’ magmas are the 
volumetrically dominant group at the TSPC and have incompatible element abundances and 
ratios intermediate to the other magma groups.  
The isotopic compositions of mafic TSPC magmas also clearly define end-member groups 
(Figs. 4.4,4.5). ‘TE enriched’ magmas have the lowest Nd-Hf and the highest Sr isotope ratios, 
while the ‘prevalent TSPC mantle’ magmas have intermediate-to-high Nd-Hf and intermediate 
Sr isotope ratios, and the ‘low HFSE’ magmas have intermediate-to-high Nd-Hf and the lowest 
Sr isotope ratios (Table 4.2). Although TSPC magma types separate into three end-member 
compositions for Sr-Nd and Sr-Hf isotopes (Fig. 4.4b,c), they fall on a single binary array for 
Nd-Hf isotopes (Fig 4.4a). The ‘prevalent TSPC mantle’ and the ‘low HFSE’ magmas form a 
single broad field in Nd-Hf isotope space, with the most extreme ‘prevalent TSPC mantle’ end-
member magmas having slightly higher Nd-Hf isotope values. The ‘TE enriched’ magmas 
occupy the low end of the Nd-Hf isotope array. In terms of Pb isotopes (Fig. 4.5), ‘low HFSE’ 
magmas have higher 206Pb/204Pb values compared to those of the other two magma groups with 
the same 207,208Pb/204Pb ratios. The Pb isotopic compositions of ‘low HFSE’ magmas form a 
distinct field offset toward regional south Pacific mid-ocean ridge basalts (MORB). 
 









Figure 4.4: Nd-Hf-Sr isotopic variations. a) εNd vs εHf, b) 87Sr/86Sr vs εNd, and c) 87Sr/86Sr vs 
εHf. Symbols are the same as in Figure 4.2. Typical 2σ external errors (Neptune measurements) 
are shown for each isotope plot. εNd and εHf values are calculated using CHUR estimates (Nd = 
0.512630 and Hf = 0.282785) of Bouvier et al., 2008. 
 






Figure 4.5: Pb isotopic variations. a) 206Pb/204Pb vs 208Pb/204Pb of UPSPS and TSPC magmas, b) 
206Pb/204Pb vs 208Pb/204Pb with regional geochemical reservoirs, c) 206Pb/204Pb vs 207Pb/204Pb, and 
d) 87Sr/86Sr vs 207Pb/204Pb of UPSPS and TSPC magmas. Symbols are the same as in Figure 4.2.  
Typical 2σ external errors (Neptune measurements) are given for each TSPC-only isotope plot. 
Pacific MORB compilation is from Lehnert and Class (2012), and Chile Rise (CR) and Juan de 
Fernandez microplate (JFm) basalts are compiled from PetDB. Chilean trench sediment data are 
from Lucassen et al. (2010). 
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Based on these relationships, Jweda et al. (magma types-in prep.) interpreted the 
geochemical compositions of the three TSPC end-member magma groups as reflecting 
contributions from distinct mantle and subducted slab sources. The fluid-immobile trace element 
depleted but fluid-mobile element enriched ‘low HFSE’ magmas (Figs. 4.4,4.5,4.6) are thought 
to be derived from mantle wedge sources that experienced melt extraction, which caused the 
extreme incompatible trace element depletion. This source was supplemented by an extra dose of 
fluid-mobile elements from an aqueous-rich fluid derived from dehydration of the subducted 
South Pacific MORB, causing it to be re-melted. The additional aqueous-rich MORB fluid flux 
is responsible for the lower 87Sr/86Sr ratios (Fig. 4.4b,c) and the distinctive Pb isotope ratios of 
‘low HFSE’ magmas which fall between south Pacific MORB and the main mafic TSPC magma 
array (Fig. 4.5a,c), as well as the high aqueous fluid-mobile/immobile element ratios (e.g., high 
Sr/Nd and Pb/Ce; Figs. 4.3,4.6). Jweda et al. (magma types-in prep.) also showed that the ‘TE 
enriched’ magmas have geochemical affinities to behind-the-arc basalts in Argentina that are 
imagined as melts or ‘blobs’ of trace element-enriched South American mantle that have been 
advected trenchward from the behind-arc region. The volumetrically dominant ‘prevalent TSPC 
mantle’ magmas are interpreted to represent melts of the long-term subduction modified mantle 
wedge beneath the TSPC. The close similarity of Nd-Hf isotopes (fluid-immobile elements 
carrying the isotopic fingerprints of the melt source) between ‘low HFSE’ and ‘prevalent TSPC 
mantle’ magmas (Fig. 4.4a), implies that the precursor source of ‘low HFSE’ magmas is 
‘prevalent TSPC mantle.’ In order to generate the ‘low HFSE’ magmas, the ‘prevalent TSPC 
mantle’ experienced melt-loss, causing the depletion in incompatible trace elements, followed by 
fluxing by an solute-rich fluid from the subducted oceanic crust that contributed the high fluid-
mobile element signature as well as the low Sr-isotope and distinctive Pb-isotope ratios. Most
 



















Figure 4.6: a) Sr vs Nb and b) La/Yb vs Sr/Nd. Symbols are the same as in Figure 4.2. The three 
distinct TSPC mantle-derived magmas from Jweda et al. (magma types-in prep.) are plotted for 
reference with the UPSPS magmas. Plots show the affinity of UPSPS magmas towards the ‘low 
HFSE’ mantle end-member in terms of their fluid mobile trace element compositions. 
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TSPC magmas fall on trace element or isotopic trends between ‘prevalent TSPC mantle’ and 
either the ‘low HFSE’ or ‘TE enriched’ end-members, indicating that most interactions are with 
‘prevalent TSPC mantle’, with little or no direct interactions observed between the latter two 
magma types. 
4.5. Analytical methods  
Major and trace elements in UPSPS samples were measured by x-ray fluorescence 
spectroscopy (XRF) at the University of Massachusetts (Rhodes 1988) and published in Dungan 
et al. (2001). New trace element abundances (Table 4.3) were determined using a Thermo X-
Series quadrupole inductively coupled plasma – mass spectrometer (ICP-MS) at Harvard 
University (Bezos et al., 2009). 72Ge, 103Rh, 115In, 169Tm, and 209Bi were used for internal 
standard normalization. The standards BCR-2, BHVO-2, DNC-1, JB-2 were used for calibration 
curves and the in-house K1919 lava standard (from the Kilauea 1919 eruption, the same flow 
that was sampled for the USGS BHVO-1 and BHVO-2 standards) was repeatedly measured for 
drift correction. Based on standard and sample duplicate analyses, trace element data have a 
reproducibility of better than ±5%. Because of analytical issues at the beginning of this study, Ba 
and Sr from the XRF analyses are reported in Table 4.3 instead of ICP-MS data. Ta is not 
reported because the UPSPS samples were processed in tungsten-carbide mills.  
For Sr, Nd, Pb, and Hf isotope ratios of UPSPS samples, element purifications and isotopic 
measurements were performed at the Lamont-Doherty Earth Observatory (LDEO) over the 
course of separate intervals. UPSPS samples were analyzed in two batches: one between 2002-
2003 by DH and the other more recently (2011-2013) by JJ. Sample acquisition is noted in Table 
4.4. For each sample analyzed, ~100-200 mg of powder was leached with 6 N HNO3 and then 
digested in an HNO3-HF mixture. After dissolution, sequential element separations were
 
   
 
Table 4.3: Whole rock major and trace element compositions of UPSPS basalts. Sr and Ba contents were measured by XRF. 
 
 
Sample ESPN.6 03UPBL.1  QTW11.26 QTW11.28 QTW11.29 QTW11.30 QTW11.31 QTW11.32 QTW11.33 QTW11.34 QTW11.35 QTW11.36 QCNE.11 QCNE.12 
Section L-UPSPS L-UPSPS L-UPSPS L-UPSPS L-UPSPS L-UPSPS L-UPSPS L-UPSPS L-UPSPS L-UPSPS L-UPSPS L-UPSPS L-UPSPS L-UPSPS 
Strat order 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
SiO2 50.71 50.97 51.33 51.27 51.25 51.20 51.22 50.96 51.80 50.44 50.62 50.50 51.58 50.34 
TiO2 0.93 0.93 0.98 0.99 0.97 0.96 0.97 1.00 1.00 0.97 1.01 1.03 0.97 0.97 
Al2O3 18.29 17.23 19.00 18.90 18.65 18.63 18.88 19.11 19.25 19.14 19.30 19.29 18.99 19.15 
FeO* 8.585 8.709 8.203 8.387 8.381 8.391 8.242 8.352 8.057 8.448 8.381 8.296 8.258 8.458 
MnO 0.154 0.160 0.159 0.151 0.152 0.151 0.149 0.153 0.148 0.155 0.146 0.160 0.151 0.160 
MgO 7.697 8.274 6.009 6.480 6.435 6.636 6.069 5.774 5.315 6.049 6.167 6.040 5.690 6.090 
CaO 8.682 8.545 8.914 8.782 8.830 8.878 8.981 9.075 8.941 9.553 9.456 9.400 9.208 9.420 
Na2O 3.261 3.099 3.388 3.400 3.439 3.374 3.275 3.291 3.453 3.183 3.292 3.170 3.166 3.300 
K2O 0.849 0.933 0.926 0.866 0.865 0.841 0.862 0.808 0.912 0.771 0.589 0.590 0.905 0.750 
P2O5 0.170 0.181 0.175 0.180 0.180 0.180 0.180 0.190 0.200 0.180 0.160 0.160 0.171 0.180 
Total 99.32 99.03 99.09 99.41 99.15 99.24 98.82 98.72 99.07 98.89 99.12 98.64 99.08 98.82 
Mg# 61.51 62.88 56.63 57.93 57.78 58.50 56.76 55.20 54.04 56.07 56.74 56.48 55.12 56.21 
B 9.6       5.6 9.1  4.3 5.5 8.3 5.9 
Be 0.95 1.11  1.34 1.06 1.01 0.83 0.82 0.89 0.75 0.66 0.68 0.87 0.89 
Li 9.07   9.07 8.28 8.93 8.70 9.38 8.87 8.59 9.14 8.00 9.18 8.82 
Co 45.2 43.1  36.9 41.4 39.6 40.1 34.5 35.0 36.6 34.9 46.3 39.3 45.8 
Cr 116.0 213.3 40.6 66.8 95.8 78.8 69.0 64.4 40.6 55.0 59.6 63.3 43.8 58.3 
Ni 82.3 131.0 45.2 56.3 61.4 60.3 47.6 41.8 29.8 36.0 43.1 41.7 36.1 38.9 
Sc 24.8 25.2  26.2 26.2 25.9 25.4 26.4 27.1 28.1 22.2 25.0 26.3 28.4 
V 217 207 213 190 200 196 216 211 227 217 208 215 228 229 
Rb 16.97 23.14 17.24 16.51 17.00 16.78 17.00 13.72 14.60 13.56 8.57 8.82 18.11 11.67 
Sr 673 646 721 694 710 706 710 736 737 677 707 707 707 687 
Y 17.1 16.9 17.9 16.9 16.9 16.9 17.2 17.8 18.7 17.8 14.5 15.0 18.2 18.1 
Zr 78.1 88.1 88.9 80.3 79.5 79.7 77.1 77.9 93.1 79.4 59.8 64.4 82.7 86.4 
Nb 2.73 2.98 2.63 2.80 2.84 2.82 2.95 2.90 3.36 2.80 2.05 2.28 2.86 3.45 
Cs 0.88 0.48  0.59 0.79 0.76 0.44 0.83 0.65 0.33 0.24 0.17 0.85 0.65 
Ba 222 242 247 248 249 238 244 246 266 241 194 196 259 268 
Ta 0.43 0.19  0.31 0.38 0.37 0.44 0.34 0.41 0.34 0.12 0.54 0.37 0.47 
Hf 1.95 2.35  2.02 2.01 2.01 2.03 2.08 2.47 2.08 1.71 1.75 2.15 2.21 
La 9.71 10.08 8.83 9.98 9.90 9.89 10.59 10.50 11.99 9.60 7.11 7.46 10.37 10.74 
Ce 21.89 22.73 22.35 22.00 21.94 21.90 23.15 23.61 26.33 21.87 16.68 17.72 23.28 24.62 
Pr 2.95 2.64  3.12 3.09 3.09 3.22 3.24 3.57 3.06 2.53 2.65 3.25 3.51 
Nd 13.14 14.04  14.27 14.30 14.13 14.35 14.62 15.72 13.44 11.48 12.02 14.22 14.86 
Sm 3.11 3.33  3.18 3.19 3.20 3.30 3.47 3.64 3.17 2.73 3.00 3.41 3.54 
Eu 1.07 1.00  1.13 1.11 1.11 1.13 1.17 1.20 1.10 1.00 1.04 1.13 1.13 
Gd 3.04 3.28      3.34 3.49  2.84 3.01 3.37 3.47 
Tb 0.49 0.49  0.52 0.51 0.50 0.51 0.51 0.54 0.50 0.43 0.45 0.51 0.53 
Dy 2.79 2.90  3.03 3.01 2.98 3.00 3.01 3.17 3.03 2.84 2.63 3.05 3.09 
Ho 0.57 0.59  0.59 0.59 0.59 0.63 0.62 0.64 0.63 0.50 0.53 0.62 0.64 
Er 1.55 1.62  1.63 1.64 1.63 1.69 1.64 1.73 1.78 1.34 1.44 1.69 1.74 
Yb 1.45 1.52  1.55 1.52 1.53 1.55 1.58 1.66 1.63 1.17 1.29 1.63 1.66 
Lu 0.22 0.24  0.25 0.24 0.24 0.23 0.23 0.25 0.25 0.17 0.20 0.25 0.26 
Pb 8.46 8.21 7.18 6.50 6.83 6.86 9.53 7.31 9.87 8.17 5.78 6.05 8.60 8.23 
Th 2.41 2.74 3.29 2.58 2.55 2.56 2.53 2.31 3.19 2.07 1.59 1.50 2.87 2.39 
U 0.69 0.76  0.70 0.70 0.69 0.68 0.64 0.85 0.58 0.39 0.40 0.78 0.57 
   
179 
   
180 
   
179 
 





Sample LV.16 LV.17 QCNE.13 ESPN.7 ESPN.8 ESPN.9 ESPN.10 CLL.1 CLL.2 CLL.3 ESPN.11 CLL.4 CLL.5 QCNE.14 
Section L-UPSPS L-UPSPS L-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS 
Strat order 15 16 17 18 19 20 21 22 23 24 25 26 27 28 
SiO2 50.46 50.61 50.98 50.96 50.46 51.51 51.89 51.42 52.02 51.66 51.86 51.82 51.61 50.73 
TiO2 0.97 0.95 0.96 0.97 1.01 1.03 1.05 1.03 1.04 1.06 1.04 1.04 1.02 0.94 
Al2O3 19.30 18.92 19.03 17.88 19.30 18.59 18.49 18.76 18.63 18.90 18.43 18.62 18.74 17.31 
FeO* 8.478 8.266 8.377 8.459 8.304 8.153 8.187 8.116 8.053 8.197 8.166 8.233 8.152 8.745 
MnO 0.152 0.149 0.150 0.147 0.146 0.144 0.141 0.150 0.150 0.150 0.141 0.150 0.150 0.149 
MgO 6.263 6.173 6.050 7.414 6.030 5.982 6.050 5.860 5.670 5.700 5.843 5.850 5.970 8.466 
CaO 9.403 9.149 9.310 8.977 9.516 8.885 8.876 9.220 8.960 8.880 8.801 8.830 8.990 8.529 
Na2O 3.219 2.878 3.080 3.289 3.303 3.428 3.501 3.480 3.590 3.580 3.525 3.540 3.510 3.155 
K2O 0.780 0.838 0.830 0.941 0.630 0.979 1.055 0.970 1.060 1.030 1.082 1.050 1.000 0.946 
P2O5 0.185 0.180 0.190 0.170 0.170 0.190 0.190 0.190 0.190 0.200 0.190 0.180 0.190 0.170 
Total 99.21 98.11 98.96 99.20 98.87 98.89 99.42 99.20 99.36 99.36 99.08 99.31 99.33 99.14 
Mg# 56.84 57.10 56.28 60.97 56.42 56.67 56.84 56.28 55.65 55.35 56.05 55.88 56.62 63.31 
B     4.5 8.3 8.6       11.3 
Be 0.97 1.34 0.82 1.04 0.66 1.00 1.19 0.91 1.03 0.93 0.91 0.89 0.85 0.99 
Li 8.91 7.10 9.38 10.01 8.79 10.26 11.13 9.40 10.91 10.95 9.90 10.15 9.27 8.99 
Co 39.0 59.3 39.1 39.7 45.8 39.5 37.7 38.0 39.1 36.3 34.2 38.4 37.4 45.2 
Cr 60.4 58.6 57.2 167.3 50.5 73.9 75.7 77.6 63.6 65.9 72.3 71.8 69.8 174.4 
Ni 40.3 41.5 30.9 96.5 36.3 49.9 55.8 50.6 52.0 44.7 51.3 58.0 41.5 127.3 
Sc 28.4 29.3 27.9 27.6 26.7 25.7 24.6 26.8 26.8 26.4 24.2 26.9 25.6 24.3 
V 212 237 203 224 216 234 220 244 246 232 213 228 244 199 
Rb 13.94 17.04 14.88 19.82 9.36 22.41 22.85 18.67 24.65 16.24 24.02 24.15 18.45 20.57 
Sr 674 660 682 675 706 711 701 717 684 704 704 682 697 654 
Y 17.0 16.9 17.9 17.4 15.9 18.7 17.6 18.2 19.2 19.3 18.2 19.2 18.4 17.0 
Zr 80.0 83.0 84.5 88.4 66.6 96.5 99.1 93.4 104.4 105.6 99.5 101.0 95.6 90.0 
Nb 3.05 3.44 3.26 2.81 2.28 3.24 3.24 3.17 3.64 3.54 3.34 3.34 3.18 3.00 
Cs 0.39 0.46 0.50 0.32 0.14 0.76 0.61 0.96 0.66 0.62 0.58 0.70 0.70 0.41 
Ba 225 234 281 234 198 228 263 238 250 260 241 262 251 257 
Ta 0.35 1.08 0.05 0.31 0.56 0.43 0.36 0.53 0.54 0.40 0.34 0.36 0.44 0.34 
Hf 2.01 2.09 2.15 2.28 1.82 2.52 2.51 2.52 2.67 2.71 2.67 2.64 2.51 2.23 
La 9.73 9.62 10.28 9.83 8.01 10.71 10.81 10.72 11.80 11.72 11.22 11.54 10.99 9.89 
Ce 21.47 21.84 23.27 22.51 18.82 24.99 24.23 24.56 26.85 27.18 25.49 26.26 24.79 22.73 
Pr 3.05 3.08 3.22 3.15 2.75 3.55 3.44 3.40 3.77 3.80 3.51 3.66 3.45 3.06 
Nd 14.02 14.21 14.08 13.68 12.49 15.50 15.63 15.00 16.20 16.12 15.66 15.95 15.40 13.66 
Sm 3.20 3.11 3.28 3.24 3.04 3.66 3.50 3.48 3.81 3.82 3.64 3.67 3.56 3.18 
Eu 1.11 1.10 1.10 1.02 1.06 1.15 1.10 1.13 1.13 1.16 1.10 1.14 1.11 0.99 
Gd     3.05 3.54 3.58       3.05 
Tb 0.51 0.53 0.49 0.50 0.47 0.53 0.54 0.54 0.56 0.55 0.54 0.55 0.55 0.48 
Dy 3.04 3.12 2.74 2.85 2.77 3.08 3.13 3.09 3.24 3.20 3.14 3.17 3.10 2.75 
Ho 0.60 0.58 0.57 0.59 0.57 0.63 0.62 0.64 0.67 0.67 0.63 0.65 0.66 0.57 
Er 1.66 1.60 1.60 1.65 1.56 1.77 1.70 1.80 1.83 1.84 1.69 1.82 1.80 1.55 
Yb 1.55 1.56 1.48 1.53 1.40 1.62 1.59 1.65 1.72 1.71 1.63 1.71 1.67 1.47 
Lu 0.24 0.26 0.24 0.23 0.21 0.25 0.25 0.25 0.27 0.27 0.24 0.26 0.25 0.22 
Pb 5.31 6.62 7.69 8.17 4.33 9.20 5.53 8.97 9.47 9.57 10.04 9.46 9.09 6.86 
Th 1.81 2.09 2.17 2.65 1.31 2.91 3.14 3.00 3.46 3.50 3.13 3.34 2.96 2.75 
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Sample QTW10.29 QTW10.30 QTW10.31 QTW10.32 QTW10.33 QTW10.34 QTW10.35 LV.17B LV.17D LV.17C LV.17A QTW11.37 QCNE.15 QTW10.36 
Section U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS 
Strat order 29 30 31 32 33 34 35 36 37 38 39 40 41 42 
SiO2 51.07 50.73 50.24 50.34 51.50 51.44 51.72 51.56 50.69 51.96 51.61 51.79 51.68 51.68 
TiO2 0.97 0.97 0.99 1.01 1.01 0.99 1.01 1.01 0.94 1.03 1.02 1.01 1.02 1.01 
Al2O3 17.61 17.97 17.92 18.74 18.52 18.28 18.61 18.49 17.10 18.36 18.67 18.51 18.56 18.69 
FeO* 8.489 8.571 8.643 8.467 8.172 8.281 8.077 8.145 8.717 8.142 8.079 8.142 8.143 8.093 
MnO 0.146 0.147 0.150 0.148 0.145 0.143 0.144 0.148 0.149 0.143 0.146 0.146 0.140 0.142 
MgO 7.577 7.564 7.625 6.742 6.271 6.623 6.131 6.129 8.602 6.023 5.936 6.056 5.900 5.954 
CaO 8.754 9.003 9.060 9.322 9.215 9.110 9.088 8.905 8.376 8.794 8.957 8.958 8.990 9.061 
Na2O 3.298 3.129 3.310 3.337 3.381 3.391 3.478 3.534 3.189 3.574 3.624 3.490 3.470 3.450 
K2O 0.997 0.930 0.873 0.846 1.005 0.992 1.034 0.991 0.949 1.073 0.995 1.028 1.010 1.034 
P2O5 0.180 0.170 0.170 0.160 0.180 0.180 0.190 0.190 0.170 0.190 0.190 0.190 0.190 0.190 
Total 99.10 99.19 98.98 99.10 99.39 99.43 99.49 99.10 98.88 99.29 99.23 99.32 99.10 99.29 
Mg# 61.41 61.14 61.13 58.67 57.77 58.77 57.50 57.29 63.76 56.87 56.71 57.01 56.36 56.74 
B  7.4  10.7   10.4  11.1      
Be 1.02 0.72 1.08 1.12 0.98 1.01 0.67 1.07 0.75 1.01 1.14 0.92 0.89 0.90 
Li 9.58 11.13 11.60 9.87 9.07 10.13 8.09 10.74 10.65 11.53 10.82 11.16 10.42 6.97 
Co 41.4 46.8 44.6 38.1 36.3 37.5 40.5 53.3 59.1 45.3 40.4 44.4 40.1 38.5 
Cr 163.2 171.9 159.1 92.1 86.2 103.6 82.9 84.0 210.2 94.6 71.8 77.1 80.5 73.6 
Ni 102.4 92.4 137.0 71.6 58.3 71.0 55.7 53.7 130.1 59.6 48.6 45.7 56.2 49.7 
Sc 26.0 27.0 28.0 28.0 27.4 26.5 26.0 26.1 25.1 27.3 26.7 26.7 26.6 26.1 
V 225 232 244 225 235 226 244 240 215 219 231 234 240 236 
Rb 22.99 20.12 15.88 13.03 21.83 22.64 15.80 20.85 21.30 26.41 20.78 23.05 22.94 22.89 
Sr 665 679 690 712 687 683 688 691 641 700 694 687 695 687 
Y 17.6 17.1 18.6 18.0 18.2 18.1 18.0 18.0 17.0 20.0 18.1 18.8 18.2 18.0 
Zr 94.3 88.3 92.3 92.8 94.7 94.3 88.0 96.3 91.1 111.8 96.1 98.1 95.3 91.9 
Nb 3.07 2.88 2.95 2.97 3.08 3.17 2.63 3.21 3.19 3.90 3.18 3.45 3.20 3.20 
Cs 0.47 0.47 0.84 0.63 0.87 0.79 0.20 0.50 0.45 0.46 0.47 0.53 0.72 1.01 
Ba 232 224 233 238 234 249 244 238 243 267 244 250 247 242 
Ta 0.77 0.65 0.30 0.26 0.30 0.38 0.31 0.67 0.75 0.55 0.53 0.60 0.06 0.37 
Hf 2.39 2.35 2.39 2.37 2.44 2.38 1.82 2.46 2.39 2.97 2.46 2.53 2.51 2.45 
La 10.35 9.67 10.42 10.30 10.65 10.41 9.03 10.42 9.98 12.83 10.42 11.18 10.96 10.92 
Ce 23.91 22.29 24.11 23.76 24.46 23.98 20.97 23.40 22.85 28.65 23.45 25.12 24.61 24.56 
Pr 3.22 3.11 3.38 3.36 3.38 3.30 2.58 3.34 3.15 3.96 3.34 3.50 3.42 3.45 
Nd 14.28 13.77 14.89 14.38 14.76 14.71 13.39 15.33 13.79 17.40 15.33 15.50 15.15 15.24 
Sm 3.36 3.26 3.52 3.36 3.50 3.43 3.21 3.48 3.21 4.12 3.44 3.64 3.49 3.57 
Eu 1.03 1.03 1.09 1.07 1.09 1.08 1.06 1.12 0.99 1.23 1.12 1.10 1.10 1.10 
Gd  3.22  3.33   3.18  3.12      
Tb 0.50 0.50 0.53 0.52 0.53 0.52 0.49 0.55 0.48 0.59 0.54 0.56 0.54 0.54 
Dy 2.91 2.88 3.08 2.96 3.06 2.99 3.07 3.20 2.81 3.42 3.19 3.20 3.13 3.14 
Ho 0.60 0.60 0.64 0.62 0.63 0.61 0.58 0.63 0.59 0.69 0.63 0.67 0.64 0.65 
Er 1.64 1.69 1.77 1.75 1.72 1.69 1.47 1.75 1.65 1.86 1.74 1.81 1.80 1.79 
Yb 1.54 1.57 1.62 1.60 1.60 1.57 1.45 1.63 1.52 1.81 1.66 1.69 1.65 1.62 
Lu 0.23 0.24 0.24 0.24 0.25 0.24 0.22 0.26 0.23 0.27 0.26 0.25 0.25 0.25 
Pb 7.41 8.71 7.88 9.62 7.95 7.02 5.84 6.11 8.54 7.36 6.58 8.00 8.85 9.66 
Th 2.92 2.66 2.83 2.81 2.95 2.89 1.49 2.93 2.80 3.53 2.94 3.07 3.02 2.90 
U 0.81 0.76 0.77 0.72 0.81 0.78 0.40 0.80 0.77 0.96 0.80 0.85 0.84 0.78 
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Sample LV.18A LV.18C LV.18 LV.18B LV.18D CLL.6 CLL.7 QCNE.16 QTW10.37 QTW10.38 QTW10.39 QTW10.40 QCNE.17 QTW10.41 
Section U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS 
Strat order 43 44 45 46 47 48 49 50 51 52 53 54 55 56 
SiO2 51.52 51.61 51.50 51.73 50.85 51.53 51.48 51.62 51.71 52.15 52.23 52.02 51.66 51.80 
TiO2 1.01 1.02 1.01 1.01 0.97 1.02 1.08 1.00 1.00 1.00 1.01 1.01 1.01 1.02 
Al2O3 18.41 18.72 18.53 18.42 17.76 18.63 18.61 18.64 18.63 18.51 18.68 18.53 18.55 18.57 
FeO* 8.150 8.151 8.215 8.163 8.503 8.260 8.350 8.062 8.081 7.959 7.973 7.970 8.152 8.171 
MnO 0.147 0.147 0.144 0.149 0.147 0.150 0.150 0.140 0.142 0.143 0.141 0.141 0.140 0.144 
MgO 6.210 6.023 6.129 6.042 7.539 6.100 6.140 5.770 5.943 5.718 5.683 5.646 5.960 5.993 
CaO 9.044 8.872 9.112 8.962 8.946 8.920 8.840 9.100 9.100 8.944 8.870 8.996 8.950 8.980 
Na2O 3.512 3.528 3.487 3.475 3.335 3.310 3.560 3.580 3.400 3.441 3.543 3.410 3.420 3.452 
K2O 0.970 0.999 1.005 1.040 0.911 0.980 0.970 1.000 1.028 1.099 1.131 1.089 1.040 1.059 
P2O5 0.190 0.190 0.180 0.180 0.185 0.190 0.200 0.190 0.190 0.190 0.195 0.190 0.190 0.185 
Total 99.16 99.27 99.31 99.16 99.15 99.09 99.38 99.10 99.23 99.16 99.45 99.00 99.07 99.38 
Mg# 57.60 56.84 57.08 56.89 61.25 56.83 56.72 56.06 56.73 56.15 55.96 55.81 56.58 56.66 
B     8.6     12.9  12.3   
Be 0.83 0.85 0.83 0.89 1.04 0.86 0.84 0.92 0.84 0.81 0.90 1.01 0.93 0.89 
Li 9.72 8.95 8.99 9.88 9.58 8.33 11.13 10.01 7.23 12.26 6.45 10.22 11.19 10.01 
Co 50.5 38.3 37.8 49.1 45.0 39.2 38.8 38.8 40.8 37.8 34.1 39.7 38.1 41.0 
Cr 82.4 74.0 78.0 78.6 154.3 73.0 85.2 68.3 75.5 71.9 80.8 78.3 92.1 80.3 
Ni 54.5 51.7 52.3 50.8 87.8 55.0 51.4 42.6 49.1 44.2 45.7 50.1 62.4 44.5 
Sc 26.5 26.0 27.4 27.4 27.2 26.6 25.3 27.5 27.4 25.7 26.5 29.5 27.4 27.7 
V 247 231 207 223 233 249 219 244 233 234 237 225 220 204 
Rb 20.48 21.38 22.55 23.51 19.70 19.89 20.57 23.19 23.88 26.59 26.67 27.23 23.85 23.59 
Sr 685 708 673 674 673 694 724 695 687 671 676 681 690 670 
Y 18.7 18.8 18.6 19.1 17.2 18.7 18.1 18.9 18.4 18.5 18.8 20.7 18.5 19.1 
Zr 96.5 96.8 95.2 101.9 88.0 91.2 98.2 82.5 92.2 104.9 77.3 108.4 98.7 95.9 
Nb 3.36 3.24 3.21 3.63 2.90 3.15 3.08 3.21 3.17 3.48 3.57 3.80 3.28 3.39 
Cs 0.37 0.41 0.52 0.58 0.40 0.53 0.44 0.51 1.04 0.73 1.05 0.74 0.68 0.51 
Ba 237 262 234 265 230 254 254 256 245 262 269 270 285 273 
Ta 0.80 0.47 0.39 0.82 0.52 0.34 0.37 0.09 0.40 0.49 0.35 0.42 0.06 0.41 
Hf 2.51 2.55 2.53 2.68 2.29 2.48 2.56 2.21 2.45 2.77 2.22 2.95 2.53 2.56 
La 10.73 10.94 10.95 11.49 9.68 10.91 10.40 11.20 10.71 11.46 12.02 12.70 11.25 11.80 
Ce 24.18 24.72 24.82 25.81 22.71 24.63 24.22 25.41 24.50 26.17 26.88 28.59 25.48 25.55 
Pr 3.29 3.37 3.39 3.47 3.20 3.39 3.42 3.68 3.34 3.57 3.62 3.94 3.53 3.59 
Nd 15.16 15.55 15.11 15.68 13.85 15.20 15.08 15.43 14.85 15.53 16.03 17.39 15.45 15.81 
Sm 3.61 3.65 3.58 3.68 3.26 3.54 3.53 3.64 3.44 3.61 3.74 4.07 3.60 3.64 
Eu 1.12 1.13 1.09 1.12 1.03 1.12 1.11 1.15 1.08 1.08 1.13 1.23 1.12 1.10 
Gd     3.17     3.50  3.84   
Tb 0.52 0.53 0.53 0.54 0.50 0.55 0.53 0.54 0.54 0.54 0.54 0.59 0.55 0.56 
Dy 3.10 3.14 3.10 3.23 2.84 3.09 3.09 3.09 3.08 3.14 3.19 3.46 3.13 3.19 
Ho 0.64 0.65 0.64 0.66 0.60 0.65 0.64 0.64 0.64 0.65 0.64 0.72 0.66 0.67 
Er 1.72 1.71 1.72 1.77 1.68 1.79 1.77 1.79 1.78 1.82 1.73 1.92 1.82 1.84 
Yb 1.67 1.68 1.69 1.72 1.54 1.66 1.64 1.64 1.63 1.69 1.66 1.89 1.65 1.69 
Lu 0.25 0.25 0.25 0.25 0.23 0.25 0.25 0.25 0.25 0.26 0.25 0.28 0.26 0.26 
Pb 6.78 8.09 8.68 7.77 6.81 8.36 9.35 9.14 7.40 5.30 10.03 8.68 8.73 9.56 
Th 2.79 2.92 2.92 3.17 2.69 2.92 2.82 3.09 2.94 3.32 3.04 3.43 3.13 3.08 
U 0.80 0.80 0.81 0.86 0.74 0.81 0.78 0.76 0.81 0.91 0.79 0.90 0.87 0.82 
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 Sample QTW10.42 QTW10.43 QCSE.13 LV.19 LV19.01 QTW10.44 QTW10.45 QTW10.46 QTW10.47 QCNE.18 LV.21 QTW10.48 
Section U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS U-UPSPS 
Strat order 57 58 59 60 61 62 63 64 65 66 67 68 
SiO2 51.85 51.96 49.95 51.74 51.85 51.84 51.61 51.63 51.58 51.57 51.56 51.63 
TiO2 1.01 1.00 0.98 1.00 1.01 1.00 1.01 1.01 1.01 1.01 1.01 1.04 
Al2O3 18.52 18.48 18.40 18.81 18.97 18.57 18.52 18.67 18.63 18.51 18.37 18.61 
FeO* 8.032 7.938 8.737 8.103 8.926 7.954 8.119 8.086 8.097 8.080 8.296 8.308 
MnO 0.141 0.140 0.148 0.141 0.140 0.136 0.144 0.142 0.137 0.140 0.150 0.145 
MgO 5.918 5.676 7.572 5.774 5.730 5.803 6.139 5.960 6.075 6.100 6.330 6.141 
CaO 8.945 9.074 9.308 9.035 9.200 9.046 9.064 8.964 9.064 9.030 8.870 8.954 
Na2O 3.527 3.637 3.144 3.451 3.340 3.544 3.434 3.721 3.514 3.490 3.460 3.482 
K2O 1.067 1.095 0.806 1.032 1.020 1.054 0.996 1.027 0.999 0.980 0.980 1.007 
P2O5 0.190 0.190 0.170 0.190 0.200 0.190 0.190 0.190 0.190 0.190 0.190 0.190 
Total 99.20 99.19 99.21 99.27 100.39 99.13 99.23 99.40 99.29 99.10 99.22 99.50 
Mg# 56.77 56.04 60.71 55.95 53.36 56.53 57.41 56.78 57.22 57.37 57.63 56.85 
B   5.7   9.5     10.2 6.2 
Be 0.88 0.99 0.82 0.86 0.87 0.95 0.85 0.88 0.89 0.83 1.12 0.81 
Li 10.76 11.31 9.38 9.79 9.18 10.20 8.41 10.34 10.01 10.25 10.66 11.23 
Co 40.3 39.2 39.1 33.7 39.3 35.0 38.8 41.1 41.0 35.3 37.6 37.7 
Cr 76.0 79.1 57.2 60.5 44.0 67.8 85.7 82.5 80.3 69.3 82.7 78.3 
Ni 48.9 47.2 30.9 42.8 36.0 49.5 56.7 53.9 44.5 51.8 59.8 50.7 
Sc 25.9 27.4 27.9 26.5 26.3 26.7 26.7 26.0 27.7 25.3 27.7 25.6 
V 229 234 235 222 228 231 237 224 224 234 256 242 
Rb 23.80 26.71 14.88 22.50 18.10 23.21 19.60 21.63 23.59 21.50 22.91 21.42 
Sr 672 674 718 668 706 678 682 690 683 695 687 681 
Y 18.3 19.0 17.9 18.3 18.1 18.6 18.1 18.4 19.1 18.4 19.3 18.6 
Zr 97.3 104.4 84.5 93.9 82.0 100.1 93.2 99.3 95.9 86.6 101.8 97.5 
Nb 3.31 3.53 3.26 3.17 2.87 3.28 3.07 3.17 3.39 3.07 3.34 3.10 
Cs 0.77 1.86 0.50 0.65 0.85 1.04 0.45 0.49 0.51 0.49 0.41 0.57 
Ba 262 245 206 240 259 260 226 259 244 255 261 235 
Ta 0.45 0.41 0.34 0.41 0.37 0.28 0.31 0.45 0.41 0.07 0.35 0.43 
Hf 2.56 2.65 2.15 2.58 2.15 2.58 2.52 2.44 2.56 2.37 2.58 2.60 
La 11.19 11.62 10.28 10.88 10.37 11.19 10.45 10.69 11.80 10.89 11.01 10.61 
Ce 25.15 26.67 23.27 24.86 23.30 25.84 23.87 24.41 25.55 24.48 25.34 24.25 
Pr 3.47 3.79 3.22 3.40 3.21 3.68 3.30 3.41 3.59 3.33 3.57 3.41 
Nd 15.33 16.01 14.08 15.19 14.22 15.57 14.81 15.07 15.81 15.13 15.62 15.14 
Sm 3.54 3.71 3.28 3.55 3.41 3.64 3.48 3.53 3.64 3.56 3.70 3.55 
Eu 1.10 1.13 1.10 1.09 1.13 1.15 1.08 1.11 1.10 1.10 1.14 1.11 
Gd   3.24  3.37 3.56     3.53 3.49 
Tb 0.55 0.55 0.53 0.53 0.51 0.53 0.52 0.54 0.56 0.53 0.56 0.53 
Dy 3.16 3.20 2.95 3.16 3.05 3.13 3.10 3.14 3.19 3.05 3.14 3.06 
Ho 0.65 0.65 0.63 0.63 0.62 0.64 0.63 0.65 0.67 0.64 0.65 0.65 
Er 1.80 1.82 1.74 1.70 1.69 1.77 1.68 1.77 1.84 1.70 1.85 1.81 
Yb 1.66 1.67 1.57 1.67 1.63 1.67 1.65 1.64 1.69 1.66 1.68 1.65 
Lu 0.25 0.26 0.24 0.25 0.25 0.26 0.25 0.25 0.26 0.25 0.25 0.25 
Pb 8.45 10.31 7.69 7.21 8.60 11.58 6.92 10.08 9.56 7.26 7.54 7.40 
Th 3.09 3.48 2.17 2.96 2.87 3.32 2.85 2.90 3.08 2.85 3.04 2.89 
U 0.85 0.91 0.58 0.81 0.78 0.89 0.78 0.78 0.82 0.75 0.84 0.81 
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performed by extraction ion chromatography using Dowex AG1X-8 100-200 mesh resin (for 
Pb), followed by Eichrom TRU-, Sr-, and LN-spec resins (for Sr, Nd, and Hf, respectively).  
All Sr isotope ratios were measured on a VG Elemental Sector 54-30 multi-collector 
thermal ionization mass spectrometer (TIMS) at LDEO. 87Sr/86Sr ratios were corrected for mass 
fractionation using 86Sr/88Sr = 0.1194, and corrected to a NIST SRM 987 standard value of 
0.710240. The NIST SRM 987 standard was repeatedly measured during all run periods, and 
errors are based on multiple SRM 987 measurements within each run period, during which the 
standard was generally measured ~10 times and had a typical 2σ reproducibility of ±10 x 10-6.  
Nd and Hf isotope ratios (measured by JJ) were acquired on either a VG Elemental Axiom 
or a Thermo-Fisher Neptune Plus multi-collector (MC-ICP-MS) at LDEO. Measurement 
procedures were virtually the same between the Axiom and Neptune. Once signal stability was 
reached after an initial warm-up period, a standard solution (JNdi-1) was run before and after 
each sample or external standard (typically ~20-30 standards per run). 143Nd/144Nd ratios were 
corrected for mass fractionation using 146Nd/144Nd =0.7219, and samples were corrected to a 
JNdi-1 standard value of 143Nd/144Nd =0.512115 (Tanaka et al., 2000). The La Jolla Nd standard 
was measured between every ~5 samples as an additional check on accuracy. The average 
corrected 143Nd/144Nd value of La Jolla was 0.511858±10 (2σ, n =33), which is the same as the 
value of 0.511858 used by Tanaka et al. (2000) to calibrate JNdi-1. Typical 2σ external 
reproducibility of JNdi was ±14 and ±9 x 10-6 on the Axiom and Neptune, respectively. 
176Hf/177Hf ratios (measured by JJ) were corrected for mass fractionation using 179Hf/177Hf 
=0.7325, and samples were normalized to the in-house Alfa Specpure 13843 Hf standard 
solution, cross-calibrated with the JMC 475 standard. The average measured value of the Alfa Hf 
standard was 176Hf/177Hf =0.282151±12 (n =353), within error of the published value of 
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176Hf/177Hf =0.282160 for JMC 475 (Blichert-Toft et al., 1997). Typical 2σ external 
reproducbilities of Alfa Hf were ±12 and ±9 x 10-6 on the Axiom and Neptune respectively. Nd 
and Hf isotopic analyses between Axiom and Neptune MC-ICP-MS measurements were 
generally within error and showed no systematic offsets. DH measured Nd isotopes on the VG 
Elemental Sector TIMS using a protocol similar to the Sr isotope measurements. 143Nd/144Nd 
ratios were corrected for mass fractionation and corrected to the La Jolla Nd standard 
(0.512115), which was repeatedly run through all run periods. Typical 2σ external 
reproducibility of La Jolla was ±20 x 10-6 on the TIMS. 
Pb isotopes (measured by JJ) were measured on the Neptune similar to the procedure for Nd 
and Hf isotope measurements. Pb isotopes were corrected for mass fractionation by adding a Tl 
spike to standards and samples, and correcting to 203Tl/205Tl = 0.41844 (Thirlwall 2002). The 
NIST SRM 981 standard was repeatedly measured during all run periods and samples were 
normalized to the standard values of 16.9405, 15.4963, and 36.7219 for 206Pb/204Pb, 207Pb/204Pb, 
and 208Pb/204Pb, respectively (Galer and Abouchami 1998; Abouchami et al., 1999). Typical 2σ 
external reproducibility of NIST 981 was 60 ppm for 206Pb/204Pb, 60 ppm for 207Pb/204Pb, and 70 
ppm for 208Pb/204Pb. DH measured Pb isotope ratios on the VG Elemental Sector TIMS using the 
LDEO 207Pb-204Pb double-spike in order to correct for mass fractionation. The NIST SRM 981 
standard was repeatedly measured (~10 times) during all run periods and samples were 
normalized to the same standard values as above. Typical 2σ reproducibilities were 950 ppm for 
206Pb/204Pb, 675 ppm for 207Pb/204Pb, and 940 ppm for 208Pb/204Pb. Total Pb blanks, processed 
with each sample from digestion through Pb chemistry, were determined by spiking with 208Pb 
and ranged from 40 to 240 pg (n=14) with an average of 150 pg. No Pb blank correction was 
applied because blank concentrations were negligible relative to Pb concentrations. 
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4.6. Results 
This study reports new ICP-MS trace element concentrations (Table 4.3) and Nd-Hf-Pb-Sr 
isotopic compositions (Table 4.4) on 68 UPSPS lavas representing flows sampled in stratigraphic 
order along six traverses across the northwest flank of the TSPC (Fig. 4.1b). As detailed below, 
the L-UPSPS and U-UPSPS units show different affinities with the three main mafic TSPC 
magma types, depending on the combination of isotopes and trace elements evaluated. The 
UPSPS lavas are discussed within the framework of UPSPS stratigraphic units and TSPC 
mantle-derived end-member groups as identified by Jweda et al. (magma types-in prep.). In this 
section, we briefly summarize the geochemical variability of UPSPS magmas. 
4.6.1. UPSPS chemical and isotopic variability  
The UPSPS suite shows somewhat restricted major element compositions compared to the 
broad range found at the TSPC. The SiO2 contents of UPSPS magmas range from 49.9-52.2 
wt.% versus a range of 49.0-75.5 wt.% across the entire TSPC (Fig. 4.2). SiO2 in UPSPS 
magmas correlates positively with Na2O and K2O, and negatively with MgO and FeO* (where 
FeO* = 0.899*Fe2O3 in wt.%), consistent with fractionation of olivine. CaO and Al2O3 show 
scatter with SiO2, but are broadly consistent with plagioclase fractionation. As a group, the 
UPSPS lavas have some of the lowest Na2O, K2O, and P2O5 contents at the TPSC, whereas they 
have some of the highest CaO and FeO* contents. Major element compositions of UPSPS lavas 
typically overlap with the ‘low HFSE’ and ‘prevalent TSPC mantle’ magma types, but are 
distinct from the ‘TE enriched’ magmas, particularly for CaO, Al2O3, and TiO2 at similar SiO2. 
MgO contents span a relatively large range (5.3-8.6 wt.% MgO), and at the high-end overlap 
with the most MgO-rich lavas at the TSPC. This is noteworthy as MgO contents above 7 wt.% in 
the Andean SVZ are limited because few, if any, lavas represent true primary basaltic liquids
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Table 4.4: Isotopic compositions of UPSPS basalts. 
 
Sample Section 87Sr/86Sr 143Nd/144Nd 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 176Hf/177Hf 
ESPN.6 L-UPSPS 0.704078JJ 0.512745 JJ 18.6261 JJ 15.6086 JJ 38.5222 JJ 0.282934 JJ 
QTW11.28 L-UPSPS 0.704074DH 0.512762 JJ    0.282934 JJ 
QTW11.32 L-UPSPS 0.704110 DH 0.512751 DH 18.6224 DH 15.6022 DH 38.5070 DH  
QTW11.33 L-UPSPS 0.704090 DH 0.512753 DH 18.6154 DH 15.6012 DH 38.5090 DH  
QTW11.34 L-UPSPS 0.704064 JJ 0.512750 JJ 18.6239 JJ 15.6060 JJ 38.5099 JJ 0.282927 JJ 
QTW11.35 L-UPSPS 0.704056 JJ 0.512754 JJ 18.6178 JJ 15.6036 JJ 38.4900 JJ 0.282928 JJ 
QTW11.36 L-UPSPS 0.704055 JJ 0.512757 JJ 18.6176 JJ 15.6029 JJ 38.4888 JJ 0.282933 JJ 
QCNE.11 L-UPSPS 0.704075 DH 0.512731 DH     
QCNE.12 L-UPSPS 0.704070 DH 0.512748 DH 18.6074 DH 15.6002 DH 38.4900 DH  
LV.16 L-UPSPS 0.704054 DH 0.512731 DH     
LV.17 L-UPSPS 0.704051 JJ 0.512768 JJ 18.6109 JJ 15.6059 JJ 38.5005 JJ 0.282930 JJ 
QCNE.13 U-UPSPS 0.704054 JJ 0.512753 JJ 18.6110 JJ 15.6058 JJ 38.4988 JJ 0.282927 JJ 
ESPN.7 U-UPSPS 0.703914 DH 0.512759 JJ    0.282962 JJ 
ESPN.8 U-UPSPS 0.703930 JJ 0.512770 DH 18.6193 JJ 15.6047 JJ 38.4937 JJ 0.282946 JJ 
ESPN.9 U-UPSPS 0.703900 DH 0.512772 JJ 18.6144 DH 15.6053 DH 38.4930 DH 0.282957 JJ 
ESPN.10 U-UPSPS 0.703825 JJ 0.512783 DH 18.6105 JJ 15.6037 JJ 38.4894 JJ 0.282965 JJ 
QCNE.14 U-UPSPS 0.703929 JJ 0.512762 JJ 18.6115 JJ 15.6025 JJ 38.4830 JJ 0.282945 JJ 
QTW10.29 U-UPSPS 0.703935 DH 0.512777 JJ    0.282958 JJ 
QTW10.30 U-UPSPS 0.703931 DH  18.6134 DH 15.6022 DH 38.4810 DH  
QTW10.31 U-UPSPS 0.703929 DH 0.512773 JJ    0.282957 JJ 
QTW10.32 U-UPSPS 0.703910 DH 0.512781 JJ 18.6104 DH 15.5982 DH 38.4670 DH 0.282958 JJ 
QTW10.33 U-UPSPS 0.703929 DH 0.512772 JJ    0.282963 JJ 
QTW10.34 U-UPSPS 0.703936 DH 0.512770 JJ    0.282962 JJ 
QTW10.35 U-UPSPS 0.703920 DH 0.512778 DH 18.6104 DH 15.6012 DH 38.4800 DH  
LV.17D U-UPSPS 0.703943 DH 0.512756 JJ 18.6114 DH 15.6043 DH 38.4880 DH 0.282961 JJ 
LV.17C U-UPSPS 0.703847 JJ 0.512781 JJ 18.6102 JJ 15.6039 JJ 38.4905 JJ 0.282968 JJ 
QCNE.15 U-UPSPS 0.703904 JJ 0.512778 JJ 18.6128 JJ 15.6044 JJ 38.4884 JJ 0.282965 JJ 
LV.18D U-UPSPS 0.703913 DH 0.512755 JJ 18.6134 DH 15.6022 DH 38.4840 DH 0.282959 JJ 
QTW10.38 U-UPSPS 0.703930 DH 0.512785 DH 18.6064 DH 15.6002 DH 38.4800 DH 0.282961 JJ 
QTW10.39 U-UPSPS 0.703922 JJ 0.512771 JJ 18.6114 JJ 15.6049 JJ 38.4920 JJ 0.282951 JJ 
QTW10.40 U-UPSPS 0.703930 DH 0.512776 DH 18.6074 DH 15.6002 DH 38.4780 DH  
QCSE.13 U-UPSPS 0.703951 JJ 0.512767 JJ 18.6223 JJ 15.6042 JJ 38.4889 JJ 0.282942 JJ 
QTW10.44 U-UPSPS 0.703911 DH 0.512773 DH 18.6074 DH 15.5992 DH 38.4740 DH  
LV.21 U-UPSPS 0.703911 JJ 0.512782 JJ 18.6122 JJ 15.6035 JJ 38.4873 JJ 0.282959 JJ 
QTW10.48 U-UPSPS 0.703921 DH 0.512774 DH 18.6184 DH 15.6073 DH 38.4990 DH  
 
*Samples measured by Dana Himmel (DH) and Jason Jweda (JJ) are marked respectively.
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 (e.g., Hildreth and Moorbath 1988). High MgO contents in some UPSPS lavas, however, have 
been attributed to their inherited olivine xenocrysts derived from partial assimilation of mafic-
ultramafic cumulates in the plutonic roots of the volcanic complex (Dungan et al., 2001; Dungan 
and Davidson 2004). Assimilative processes may also explain the significant scatter in some 
major element contents (e.g., Al2O3, CaO, and FeO*), which are not consistent with simple 
progressive magmatic differentiation. The UPSPS parent magma samples (described below) and 
some xenocryst-poor, less contaminated lavas have ~6.0-6.2 wt.% MgO, indicating limited 
interactions with mafic-ultramafic cumulates. The few samples with <6 wt.% MgO appear to 
have undergone fractional crystallization with only minor cumulate contamination. 
Primitive mantle-normalized (McDonough and Sun 1995) trace element patterns of UPSPS 
lavas (Fig. 4.3a,b) are typical of TSPC lavas, and calc-alkaline arc lavas globally. UPSPS lavas 
exhibit enrichments in aqueous fluid mobile elements and LREE compared to HFSE and HREE. 
Trace element compositions of parental UPSPS magmas, which are the most trace element-
depleted in the UPSPS series (gray and black lines in Fig. 4.3), generally fall between the ‘low 
HFSE’ end-member and the most trace element depleted ‘prevalent TSPC mantle’ magmas (Fig. 
4.3a,b). Parent magmas also show notably low HFSE abundances (e.g., Nb ~3; Fig. 4.6a) relative 
to the bulk of TSPC lavas. In general, the more evolved UPSPS magmas are slightly enriched in 
incompatible trace elements than their respective parent magmas, but are still most similar to the 
‘prevalent TSPC mantle’ magmas (Fig. 4.3a) rather than the ‘TE enriched’ end-member. 
Compared to the ‘prevalent TSPC mantle’ end-member composition (QCNE.1) in Figure 4.3c, 
UPSPS parent magmas are typically depleted in incompatible trace elements, with the exception 
of large spikes in Sr and Pb. However, UPSPS parent magmas are not as depleted as ‘low HFSE’ 
end-member magmas (Fig. 4.3d). The enrichments in aqueous fluid-mobile elements in UPSPS 
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magmas are especially evident from Sr abundances in parent magmas (Sr ~700 ppm), which are 
comparable to the most fluid-mobile element enriched ‘prevalent TSPC mantle’ and ‘low HFSE’ 
magmas (Fig. 4.6a). Elevated Sr/Nd (range ~40-65) and Pb/Ce (range ~0.2-0.5) ratios, which are 
higher by factors of ~3 and ~10, respectively, relative to regional south Pacific MORB (Sr/Nd 
~5-18, Pb/Ce ~0.03-0.06), further demonstrate the degree of fluid-mobile element enrichment in 
UPSPS magmas. These trace element characteristics clearly set the UPSPS magmas apart from 
the ‘TE enriched’ TSPC end-member (Nb >~6, Sr/Nd ~18-32, Pb/Ce ~0.15-19). 
The Nd-Hf-Sr-Pb isotopic compositions of UPSPS magmas are reported in Table 4.4 and 
shown in Figures 4.4,4.5. Nd-Hf isotopic values, shown in Figure 4.4, are normalized to the most 
recent estimates of Chondritic Uniform Reservoir (CHUR) values (Bouvier et al., 2008). UPSPS 
samples analyzed by co-author DH and duplicated by JJ show no systematic offsets in Nd-Sr-Pb 
isotopes. UPSPS isotopic compositions of both parental and evolved magmas fall within the 
bounds of the three mantle-derived TSPC end-members. Sr, Nd, and Hf isotopes of UPSPS lavas 
span only a portion of the range found at the TSPC and fail to exhibit the high Nd-Hf isotopic 
compositions found in ‘low HFSE’ and ‘prevalent TSPC mantle’ end-member magmas. Pb 
isotopes show an even more restricted range, similar to that of the ‘low HFSE’ magmas.  
4.7. Discussion 
4.7.1. UPSPS stratigraphic units and UPSPS parental magmas 
The bimodal distribution of 87Sr/86Sr values (Figs. 4.4,4.7) is a primary observation that 
forms the basis of our subdivision of UPSPS lavas into lower (L-UPSPS) and upper (U-UPSPS) 
chemo-stratigraphic units (Dungan et al., 2007). The isotopic gap between units is an order of 
magnitude greater than measurement uncertainties (2σ errors are about ±10 x 10-6; whereas the 
gap is 100 x 10-6), with the L-UPSPS having higher 87Sr/86Sr ratios (0.70405-0.70411) than the
 


















Figure 4.7: Series of isotopic chemo-stratigraphy columns where the UPSPS lava flows have 
been placed in a numerical stratigraphic order (from oldest to youngest vertically upward) 
according to field observations and Sr-isotopic compositions, as described in the text. The 
stratigraphic columns illuminate which isotopic compositions are similar between units and 
which are divergent. The parent magmas of both UPSPS stratigraphic units have very similar 
major and trace element compositions, but have distinct isotopic values. 
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overlying U-UPSPS (0.70382-0.70395) lavas. Figure 4.7 illustrates the gap in Sr isotopic 
compositions, as well as the separations in Nd-Hf-Pb isotopes between the two stratigraphic 
units. The distinctions in Nd and Hf isotopes between the lower and upper units are not as well 
defined as in Sr isotopes (Figs. 4.4,4.7), but still exist. For example, the lower unit has generally 
lower εNd and εHf (~1.9-2.7 and ~5.0-5.3, respectively) compared to the upper unit (~2.4-3.1 
and ~5.6-6.5, respectively) with minimal overlap between the groups. Differences in Pb isotopes 
between the two units are slightly less evident than the other isotopes as 206,207Pb/204Pb values are 
essentially the same. However, two fields broadly corresponding to the two stratigraphic units 
are distinguishable in 206Pb/204Pb-208Pb/204Pb isotope space (Fig. 4.5a). The presence of this 
isotopically bimodal population within a single, rapidly erupted lava sequence is particularly 
interesting considering that all of the UPSPS lavas have the same 40Ar/39Ar ages within error and 
there is no obvious unconformity or eruptive hiatus within the sequence (Singer et al., 1997; 
Dungan et al., 2001; Dungan et al., 2007).  
Parental UPSPS magma compositions are best represented by samples from three flows 
(QTW11.35, QTW11.36 and ESPN.8), which erupted near the boundary between lower and 
upper units (Dungan et al., 2001; Dungan and Davidson 2004; Dungan et al., 2007). These lavas 
contain unusually low modal abundances of xenocrystic olivine and augite, which are otherwise 
pervasive in the UPSPS series (Dungan et al., 2001). The inferred parent magmas have markedly 
similar major and trace element compositions, despite their different isotopic compositions (Figs. 
4.2,4.3,4.7,4.8). They have relatively low SiO2, the lowest K2O, the highest Al2O3 and CaO 
contents, but intermediate MgO and FeO* contents compared to the bulk of the UPSPS series 
(Fig. 4.2). The L- and U-UPSPS parental magmas also show the lowest incompatible element 
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abundances in the UPSPS (Figs. 4.3,4.6), as well as the lowest ratios of highly/moderately 
incompatible trace elements (e.g., La/Yb; Figs. 4.6,4.8).  
4.7.2. Geochemical relationships between UPSPS magmas and the rest of the TSPC mafic suite 
Evaluating geochemical relationships between UPSPS magmas and the mantle framework 
interpreted from the three mafic TSPC end-member magma types is important for constraining 
UPSPS petrogenesis. To that end, we compared UPSPS isotopic and trace element systematics 
with the mafic TSPC magma suite. Isotopes are particularly useful in this regard because they 
fingerprint the sources from which the magmas are derived. Nd-Hf isotope ratios of UPSPS 
magmas plot on the same binary array as the other TSPC magma types (Fig. 4.4a) with the L-
UPSPS magmas falling within the same field as ‘TE enriched’ magmas and the U-UPSPS 
magmas forming an array toward higher Nd-Hf isotopic compositions between the ‘TE enriched’ 
and ‘prevalent TSPC mantle’ fields. This contrasts with Sr-Nd and Sr-Hf isotopic compositions, 
where L-UPSPS fall within the ‘TE enriched’ field but U-UPSPS magmas trend between the ‘TE 
enriched’ and ‘low HFSE’ magmas, which constitutes compositional space outside the ‘prevalent 
TSPC mantle’ magma field (Fig. 4.4b,c) and where no other TSPC magmas plot. Pb isotopes in 
both UPSPS units show even greater incongruity with respect to their Nd-Hf isotopes in that Pb 
isotopic compositions are associated with ‘low HFSE’ magmas rather than either of the other 
magma types (Fig. 4.5a). The L-UPSPS magmas typically trend toward higher 207,208Pb/204Pb 
ratios closer to the ‘TE enriched’-‘prevalent TSPC mantle’ line and the U-UPSPS magmas are 
strikingly similar to the ‘low HFSE’ magmas. The fact that UPSPS isotopic compositions fall 
between the mafic TSPC end-member compositions, and are distinct from other SVZ magmas 
(Fig. 4.9), indicate that the UPSPS magmas originate from the same previously defined TSPC 
mantle sources. 
 


















Figure 4.8: a) Nb vs Zr/Nb and b) La/Yb vs Zr/Yb. Symbols are the same as in Figure 4.2. The 
three distinct TSPC mantle-derived magmas from Jweda et al. (magma types-in prep.) are plotted 
for reference with the UPSPS magmas. Plots show the depleted nature of UPSPS magmas in 
terms of fluid-immobile trace element compositions and their affinity towards ‘prevalent TSPC 
mantle’ and ‘low HFSE’ end-members. 
 
 


















Figure 4.9: Regional comparison between SVZ lavas and those of the TSPC. a) La/Yb vs Sr/Nd 
and b) 87Sr/86Sr vs 143Nd/144Nd. Plots show the compositional field of UPSPS and mafic TSPC 
magmas compared to all available mafic (SiO2 < 56 wt.% and Rb/Y < 1.75) lavas from SVZ 
volcanoes. The plotted SVZ lava dataset is from a compilation of published data from a variety 
of sources cited in the supplemental material of Jweda et al (magma types-in prep.). SVZ 
volcanoes are color coded (red to violet) from north (Tupungato) to south (Osorno) for easy 
comparison. 
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However, UPSPS magmas are different than the other mafic TSPC magmas in terms of their 
combined trace elements and isotopic systematics. Isotopic-trace element relationships in UPSPS 
magmas do not follow the same patterns of variability as the other mafic TSPC magmas. For 
example, magmas from both UPSPS units form a separate trend toward low La/Yb (and Hf/Lu) 
and low Nd-Hf isotopic compositions in Figure 4.10, whereas the other mafic TSPC magma 
groups form a negatively correlated linear array. All UPSPS magmas have low La/Yb and Hf/Lu, 
whether or not their Nd or Hf isotope ratios are like the ‘TE enriched’ or ‘prevalent TSPC 
mantle’ magmas. The UPSPS magmas are the only known samples at the TSPC that do not show 
a negative correlation between LREE/HREE and Nd-Hf isotopes. Both UPSPS magma suites 
also show similar degrees of depletion in highly/moderately incompatible elements, which cover 
a limited range of values compared to the overall observed range in mafic TSPC magmas (seen 
in Figs. 4.3,4.6,4.8). These differences are particularly obvious in L-UPSPS magmas, where 
despite similarities in Nd-Hf isotopes, the L-UPSPS suite lacks the same trace element 
enrichments as the incompatible trace element enriched ‘TE enriched’ magmas. Thus, while 
UPSPS magmas are chemically and isotopically representative of the broad TSPC magma 
system (and are derived from the same mantle melting sources), their distinct geochemical 
characteristics set them apart from the rest of the mafic TSPC magmas and indicate a slightly 
more complicated petrogenesis. 
The geochemical characteristics of L- and U-UPSPS magmas are summarized in Table 4.5, 
which also places their distinct attributes in context of the three mafic TSPC magma end-
members as colors. The value of such a categorization is to illuminate both the differences 
between the UPSPS units and the affinities of each UPSPS stratigraphic unit for the other mafic 
TSPC magma groups in a concise manner. Both units show fluid-mobile element enrichments
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Table 4.5: UPSPS magma geochemical characteristics matrix. Different designations indicate 
relative values (L=low, L-M= low-medium, M=medium, M-H=medium-high, H=high) within 
the broad mafic TSPC field. The color scheme shows which TSPC magma end-member each 
UPSPS geochemical attribute most similar (blue = ‘low HFSE’, green = ‘prevalent TSPC 
mantle’, red = ‘TE enriched’). Some relative fields defined by UPSPS plot slightly outside the 
mafic TSPC field and have been denoted as corresponding to none of the TSPC end-member 
compositional groups (gray = none).   
 
Geochemical Attribute	   L-UPSPS	   U-UPSPS	  
Fluid-immobile element abundances	   L	   L	  
Fluid-immobile element ratios	   L	   L	  
Fluid mobile element abundances	   M-H	   M-H	  
Fluid mobile/immobile elements	   M-H	   M-H	  
(εNd, εHf) vs fluid immobile ratios	   L vs L-M 	   M vs L-M	  
Sr isotopes vs Sr/Nd H vs H L-M vs H 
Nd vs Hf isotopes	   L vs L	   M vs L-M	  
Nd vs Sr isotopes	   L vs H	   M vs L-M	  
Hf vs Sr isotopes	   L vs H	   L-M vs L-M	  
206Pb vs 207,208Pb isotopes	   M-H vs M-H	   M-H vs M	  
Sr vs 206Pb isotopes H vs H L-M vs M-H 
Sr vs 207,208Pb isotopes	   H vs M-H	   L-M vs M	  
Nd vs 207,208Pb isotopes	   L vs M-H	   M vs M	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and fluid-immobile element depletions, characteristic of ‘low HFSE’ magmas (blue shading). 
Profound distinctions between the sources of the two UPSPS units are however indicated by their 
isotopic compositions. (1) In terms of Nd-Hf isotope ratios (both fluid-immobile elements), the 
L-UPSPS appear most similar to ‘TE enriched’ magmas (red shading), while the U-UPSPS 
magmas have affinities toward ‘prevalent TSPC mantle’ magmas (green shading). (2) In terms of 
Sr-Pb isotope ratios (both fluid-mobile elements), L-UPSPS do not match any of the mafic TSPC 
magmas (gray shading) while the U-UPSPS are closest to ‘low HFSE’ magmas.  
4.7.3. Key features of UPSPS magmas 
The integrated isotopic and trace element dataset for UPSPS magmas provides important 
new insights into their mantle sources and the processes that have generated them. A 
fundamental observation is that Nd-Hf-Sr-Pb isotope ratios of UPSPS magmas generally fall 
between the compositions of TSPC mantle-derived end-members, but exhibit unique isotopic-
trace element variability (e.g. Figs. 4.4,4.5,4.10,4.11). Moreover, L- and U-UPSPS magmas form 
isotopically distinct units despite similar parental magma trace element compositions. These 
geochemical systematics reveal that: (1) UPSPS magmas are linked to the same mantle sources 
involved in the generation of other mafic TSPC magmas, (2) L- and U-UPSPS magmas are 
derived from mantle and slab sources different than one another but still residing within the 
TSPC system, and (3) the different UPSPS mantle sources have undergone processing that has 
resulted in similar trace element compositions in parental magmas of the different stratigraphic 
units. While crustal overprinting by mafic-ultramafic cumulate assimilation through grain-
boundary melting and disaggregation of xenoliths (not discussed in detail here) adds another 
layer of complexity to non-parental UPSPS magma chemistries (Dungan et al., 2001; Dungan 
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and Davidson 2004; Dungan et al., 2007), several key geochemical features are instructive about 
the ultimate mantle origins and processes responsible for generation of UPSPS magmas. 
Perhaps the most important of these relationships, at least for fingerprinting the origins of 
fluid immobile elements, is based on Nd-Hf isotopic compositions. The linear array in Nd-Hf 
isotopes formed by mafic TSPC magmas (Fig. 4.4a) was interpreted by Jweda et al. (magma 
types-in prep.) as the result of interactions between the “common” mantle wedge below the 
TSPC (that is, the ‘prevalent TSPC mantle’) and a trenchward advected incompatible trace 
element-enriched behind-the-arc mantle source (the ‘TE enriched’ mantle). As discussed in detail 
by Jweda et al. (magma types-in prep.), neither mixing with bulk sediment (Lucassen et al., 
2010) nor low degree sediment melts account for the enriched trace element and isotopic 
signatures in ‘TE enriched’ magmas. Of the known regional geochemical reservoirs, only 
enriched behind-the-arc mantle melts provide components suitable for generating these enriched 
compositions (e.g., Stern et al., 1990; Kay et al., 2004; Kay et al., 2006a; Bertotto et al., 2009; 
Kay et al., 2013). The observation that the L-UPSPS suite has Nd-Hf isotope ratios similar to 
‘TE enriched’ magmas indicates derivation of L-UPSPS magmas ultimately from ‘TE enriched’ 
mantle sources. U-UPSPS magmas have Nd-Hf isotopic compositions that are intermediate to 
‘TE enriched’ and ‘prevalent TSPC mantle’ end-member magmas, suggesting an evolution in 
derivation from enriched mantle to “common” TSPC mantle wedge magma sources. Low 
incompatible trace element ratios of the highly/moderately-incompatible fluid-immobile 
elements in UPSPS magmas (as illustrated by low La/Yb, Nb/Zr, Hf/Lu values in Figs. 4.6,4.8) 
pose an obvious obstacle to this interpretation. The isotopic fingerprints thus appear decoupled 
from their trace element compositions compared to the rest of the TSPC mafic suite. Trace 
element depletion is evident in both units but is particularly striking in the L-UPSPS magmas.
 










Figure 4.10: Nd-Hf isotopes compared to incompatible fluid-immobile trace elements. a) La/Yb 
vs εNd and b) La/Yb vs εHf. Symbols are the same as in Figure 4.2. The UPSPS magmas, 
including the UPSPS parent magmas, form distinct trends away from the main TSPC magmatic 
array. The apparent ‘decoupling’ of isotopes and trace elements in UPSPS magmas is an 














Figure 4.11: Sr-Pb isotopes compared to incompatible fluid-mobile trace elements. a) Sr/Nd vs 
206Pb/204Pb, b) Ce/Pb vs 206Pb/204Pb and c) Sr/Nd vs 87Sr/86Sr. Symbols are the same as in Figure 
4.2. Both UPSPS units have high fluid mobile/immobile trace element ratios associated with 
high Pb isotopic compositions similar to ‘low HFSE’ magmas. U-UPSPS magmas show a 
correlation between high Sr/Nd and low 87Sr/86Sr while the L-UPSPS magmas show a 
correspondence between high Sr/Nd and high Sr isotopes. 
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 We suggest that the low ratios of the highly/moderately incompatible elements in the L-UPSPS 
magmas indicate that the ‘TE enriched’ mantle source was depleted by melt extraction prior to 
the generation of L-UPSPS magmas. 
Another key aspect is that the UPSPS suite as a whole appears remarkably similar to ‘low 
HFSE’ magmas in terms of aqueous fluid mobile/immobile element ratios, as well as Pb isotopes 
for both L- and U-UPSPS magmas and Sr isotopes for U-UPSPS magmas (Fig. 4.11). Both 
UPSPS stratigraphic units, including parental magmas, have high fluid mobile/immobile element 
ratios (e.g., Sr/Nd ~35-60 and Ce/Pb ~2-5; Fig. 4.11). The high Sr/Nd and Pb/Ce ratios of 
UPSPS magmas generally overlap with the ‘low HFSE’ and incompatible trace element depleted 
‘prevalent TSPC mantle’ magmas. Some UPSPS magmas have among the highest enrichments 
in fluid mobile/immobile elements in the SVZ (Fig. 4.9a; Sr/Nd ~40-65). In fact, of the SVZ 
volcanoes, only Longavi and Azul-Quizapu magmas (immediate neighbors of TSPC) are as 
enriched in Sr/Nd, at similar La/Yb (Fig. 4.9a). The high fluid mobile/immobile element ratios 
are also accompanied by elevated Sr elemental abundances (Sr is >700 ppm in the parent 
magmas) that even exceed the most trace element enriched ‘TE enriched’ magmas at the TSPC 
(Fig. 4.6). The high Sr/Nd and low Ce/Pb ratios of UPSPS parent magmas of both units (as well 
as the more contaminated UPSPS magmas) also show a strong association with 206Pb/204Pb 
values of the ‘low HFSE’ magmas (Fig 4.11a,b). Even more impressive is the similarity of 
206Pb/204Pb-207Pb/204Pb-208Pb/204Pb compositions of UPSPS magmas with the ‘low HFSE’ 
magmas (Fig. 4.5a,c). The high 206Pb/204Pb values at a given 207,208Pb/204Pb in the ‘low HFSE’ 
magma group compared to the ‘prevalent TSPC mantle’ and ‘TE enriched’ magma types is 
characteristic of aqueous fluid input derived from the subducted South Pacific MORB (e.g. Fig. 
4.5b). High fluid mobile/immobile element ratios along with the offset toward higher 206Pb/204Pb 
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values are strong evidence of MORB-derived fluid fluxing and demonstrate a clear relationship 
between the sources of fluid-mobile element enrichments in U-UPSPS and ‘low HFSE’ magmas 
(e.g. Fig. 4.11a,b). Although the L-UPSPS magmas show the same high fluid mobile/immobile 
element ratios and the offset toward higher 206Pb/204Pb values, they have higher 87Sr/86Sr values 
than ‘low HFSE’ magmas (Fig. 4.11c), which require an additional fluid source with higher Sr-
isotopes. 
4.7.4. Modeling the mantle sources of UPSPS magmas 
To reconcile key geochemical observations in UPSPS magmas and explain them in regards 
to the TSPC mantle framework, we quantitatively constrained the trace element abundances of 
L- and U-UPSPS magmas and their sources using a mass balance trace element mixing and 
partial melting model. This model had to preserve the mantle source (depleted ‘TE enriched’ for 
the L-UPSPS and a depleted-‘TE enriched’-‘prevalent TSPC mantle’ mixture for the U-UPSPS) 
and solute-rich fluid flux characteristics identified in each UPSPS stratigraphic unit. The mantle 
sources and subsequent L- and U-UPSPS magmas were calculated based on a modal batch 
melting model similar to the one used in Jweda et al. (magma types-in prep.) to reproduce ‘low 
HFSE’ magmas. The two UPSPS units were modeled differently from one another in order to 
account for the isotopic and trace element characteristics of each. Multiple iterations of the 
model were run in order to find the best fit for trace element patterns of the L- and U-UPSPS 
parent magma compositions. 
The mantle source of L-UPSPS magmas was assumed to be a garnet lherzolite with a 
mineral assemblage of ol + opx + cpx + grt in the proportions of 65:10:20:5 and a composition 
originally similar to the source of ‘TE enriched’ magmas but which has been subsequently 
processed by melt extraction and fluid addition prior to eruption of the L-UPSPS magmas. We 
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used a compilation of experimental partition coefficients at mantle conditions (Green and 
Pearson 1987; Hauri et al., 1994; Kelemen et al., 2003c; Klemme et al., 2006), given in Table 
4.6. To start, the ‘TE enriched’ mantle source trace element composition was modeled by 
inverting the most representative ‘TE enriched’ magma composition (QCNE.1A) following the 
equation:  
! 
CS = CL " (D(1# F) + F)       (1) 
where CS is the trace element abundance in source mantle in ppm, CL is the trace element 
abundance in the melt (in this case, QCNE.1A) in ppm, D is the bulk trace element partition 
coefficient, and F is the melt fraction. We assumed a lower melt fraction (F ~8%) than ‘prevalent 
TSPC mantle’ magmas (F ~22%) for the inversion, because ‘TE enriched’ magmas represent 
lower degree melts from an enriched source. The trace element pattern for the inverted mantle 
composition is shown as the burgundy colored line in Figure 4.12a and represents the mantle 
source from which both ‘TE enriched’ and L-UPSPS magmas originate. A partial melt (F ~10%) 
is then extracted from this ‘TE enriched’ source in order to sufficiently deplete the incompatible 
trace element composition of the residue. L-UPSPS magmas are ultimately extracted from this 
mantle residue. The composition of the partial melt was calculated using the equation: 
! 
Cl = CS /(D(1" F) + F)       (2) 
where Cl is the trace element composition of the 10% partial melt in ppm. The trace element 
composition of the mantle residue after melt extraction was then calculated by: 
! 
CR = (CS "ClF) /(1" F)       (3) 
where CR is trace element composition of the mantle residue in ppm. Based on trace element 
pattern mismatches, especially in the most incompatible elements (Cs through La), we assumed 
that melt extraction was an inefficient process. To model such an inefficient melt extraction, 6%
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Table 4.6: Partition coefficients used in trace element partial melting models. Table is modified 
from the supplementary materials in Jweda et al. (magma types-in prep.). 
 
xls/liq Ol1 Opx1 Cpx1 Spl1 Grt1 Ilm2 Bulk D3 
Cs 1.0E10-9 0.00001 0.0036 1.0E10-9 0.00001 0.0003 0.000541 
Rb 1.0E10-9 0.00001 0.0072 1.0E10-9 0.00001 0.0003 0.00108 
Ba 1.0E10-9 0.00001 0.0058* 1.0E10-9 0.00001 0.0003 0.000901 
Th 1.0E10-9 0.00001 0.01 1.0E10-9 0.00001 0.0006 0.00150 
U 1.0E10-9 0.00001 0.003 1.0E10-9 0.005 0.0082 0.000601 
Nb 0.001 0.029 0.0077 0.01 0.013 4.6000 0.00187 
Ta 0.001 0.029 0.0077 0.01 0.013 2.7000 0.00187 
La 0.000007 0.001 0.0536 0.006 0.001 0.0000 0.0135 
Ce 0.0001 0.003 0.0858 0.006 0.009 0.0001 0.0135 
Pb 0.0001 0.003 0.072 1.0E10-9 0.005 0.0001 0.0113 
Pr 0.00004 0.006 0.13 0.006 0.033 0.0002 0.0212 
Nd 0.00007 0.009 0.1873 0.006 0.057 0.0005 0.0308 
Sr 0.00001 0.003 0.1283 1.0E10-9 0.007 0.0047 0.0198 
Hf 0.004 0.04 0.256 0.07 0.5 0.3800 0.0603 
Zr 0.004 0.04 0.1234 0.07 0.5 0.2900 0.0404 
Sm 0.0007 0.02 0.291 0.006 0.217 0.0006 0.0527 
Eu 0.00095 0.03 0.33 0.006 0.45 0.0011 0.0667 
Gd 0.0012 0.04 0.37 0.006 0.9 0.0034 0.0874 
Tb 0.0026 0.05 0.41 0.006 1.5 0.0067 0.1134 
Dy 0.004 0.06 0.442 0.0015 2 0.0100 0.135 
Ho 0.007 0.065 0.43 0.0023 2.8 0.0110 0.160 
Y 0.023 0.1 0.467 0.0045 7 0.0210 0.307 
Er 0.009 0.09 0.43 0.003 3.5 0.0110 0.185 
Yb 0.023 0.1 0.43 0.0045 7 0.1700 0.301 
Lu 0.03 0.12 0.433 0.0053 9 0.0840 0.369 
 
1Partition coefficients for olivine (ol), orthopyroxene (opx), clinopyroxene (cpx), spinel (spl), 
and garnet (grt) are taken from the peridotite melting compilation by Kelemen et al. (2003). 
2Partition coefficients for ilmenite (ilm) are taken from Klemme et al. (2006) and Green and 
Pearson (1987). 
3Bulk D’s are calculated for a garnet lherzolite mantle composition with the mineral assemblage 
ol:opx:cpx:grt:ilm in the proportions of 72:10:15:3. 
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Cs 0.02 2.88 0.05 0.037 0.005 0.179 10.3 0.133 
Rb 0.60 43.6 0.85 2.20 0.10 7.01 360 18.2 
Ba 6.60 432 13.1 25.7 0.01 178 5846 348 
Th 0.08 4.50 0.21 0.07 1.27 0.167 3.571 0.056 
U 0.02 1.50 0.06 0.204 0.85 0.070 1.753 0.238 
Nb 0.66 4.71 3.65 1.3 19.2 0.194 0.250 0.069 
Ta 0.04 0.34 0.11 0.107 56.8 0.002 0.006 0.002 
La 0.70 14.4 3.26 1.81 3.60 0.918 4.056 0.510 
Ce 1.68 32 11.5 6.28 8.25 1.420 3.950 0.775 
Pb 0.15 11.2 0.31 0.7 0.03 5.377 203 12.7 
Pr 0.25 4.05 1.40 1.19 12.0 0.119 0.344 0.101 
Sr 19.9 330 119 108 0.19 1075 1618 522 
Nd 1.25 17.0 11.1 6.82 45.6 0.249 0.380 0.153 
Zr 10.5 127 112 67.6 41.8 2.725 3.101 1.651 
Hf 0.28 2.95 2.10 1.95 46.8 0.046 0.064 0.043 
Sm 0.40 3.87 3.74 2.51 38.9 0.098 0.101 0.066 
Eu 0.15 1.06 1.29 0.93 45.9 0.029 0.024 0.021 
Gd 0.54 3.76 4.00 3.73 81.5 0.050 0.047 0.047 
Tb 0.10 0.58 0.71 0.73 100 0.007 0.006 0.007 
Dy 0.67 3.59 4.50 4.59 113 0.041 0.032 0.042 
Ho 0.15 0.73 1.10 0.99 150 0.007 0.005 0.007 
Y 4.30 19.2 40.5 27.6 47.4 0.872 0.413 0.594 
Er 0.44 2.16 2.70 2.81 166 0.017 0.013 0.017 
Yb 0.44 2.06 3.23 2.77 216 0.015 0.010 0.013 
Lu 0.07 0.31 0.44 0.44 237 0.002 0.001 0.002 
87Sr/86Sr 0.702724 0.705637 0.702492 0.704575  0.702492 0.705637 0.704575 
143Nd/144Nd 0.513059 0.512673 0.513091 0.513091  0.513091 0.512673 0.513091 
206Pb/204Pb 18.212 18.62 18.824 18.82  18.824 18.62 18.82 
208Pb/204Pb 37.658 38.57 38.172 38.17  38.172 38.57 38.17 
1Primitive mantle trace element composition is taken from McDonough and Sun (1995).  
Isotopes are from Pacific E-MORB compiled by Class and Lehnert (2012). 
2Average trace element and Pb isotopic composition of bulk Chilean trench sediment from 
Lucassen et al. (2010).  Sr-Nd isotopes used in mixing calculations are from sample 75 KD(1).  
3Average trace element and isotopic composition from a EarthChem compilation of Nazca 
MORB on and near the Juan de Fernandez microplate. 
4A composite AOC composition taken from Staudigel et al. (1995,1996). Nd and Pb isotopes 
assumed to remain the same as JFm MORB. 
5Eclogite/fluid partition coefficients taken from Brenan et al. (1995a, b), Ayers (1998), and 
Kessel et al. (2005) calculated assuming oceanic crustal assemblage of grt:cpx = 60:40.  Partition 
coefficient for Ba is inferred between the values reported Ayers (1998) and Kessel et al. (2005).  
6Calculated composition of fluid released during 2% dehydration and release from JFm MORB, 
AOC, and Chilean trench sediment. Assumed same partition coefficients for sediment/fluid as 
for eclogite/fluid. 
 








































Figure 4.12: Primitive mantle normalized trace element patterns showing the results of partial 
melting and fluid addition models for the L- and U-UPSPS magmas. Mafic TSPC end-member 
magmas are given for reference. Primitive mantle values (McDonough and Sun 1995). The 
models reproduce the compositions of the trace element depleted-‘TE enriched’ and ‘prevalent 
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of the partial melt was left behind. The amount of melt left behind was determined on the basis 
of the trace element pattern best fit for the observed L-UPSPS parent magma. The remaining 
mantle (CR+M) composition was calculated by mass balance mixing between the partial melt left 
behind and the mantle residue after melt extraction.  
Since UPSPS magmas have elevated fluid mobile/immobile trace element ratios, we further 
envision that a slab-derived solute-rich fluid then infiltrated the mantle source. Compositions of 
aqueous slab fluids responsible for fluxing the L- and U-UPSPS mantle sources prior to melt 
generation are also modeled using a mass balance approach that simulates slab dehydration. In 
order to evaluate different fluid contributions, we calculated fluid-derived compositions from 
South Pacific MORB, AOC, and Chilean trench sediment. We assume that the MORB fluid was 
derived from 2% dehydration and expulsion, where eclogitic South Pacific MORB was 
dehydrated and experimental partition coefficients were used (Brenan et al., 1995a; Brenan et al., 
1995b; Ayers 1998; Kessel et al., 2005), and that this reasonably represents a MORB-derived 
fluid infiltrating the SVZ mantle wedge. Sedimentary and AOC fluid compositions were 
modeled similarly as the MORB-fluid (2% dehydration) using estimated AOC compositions 
(Staudigel et al., 1995; Staudigel et al., 1996) and measured compositions of Chilean trench 
sediment (Lucassen et al., 2010). These calculated fluid compositions (Table 4.7) are 
comparable, in terms of fluid mobile elements Sr and Pb, to those proposed for fluids infiltrating 
other island arc magma sources (e.g., Class et al., 2000). 
After various attempts, we found that the composition of the infiltrating fluid that best fit 
both the L-UPSPS trace element patterns and Sr-Pb isotopes (discussed below) was a ~2% 
solute-rich fluid mixture (CF) derived from ~30% trench sediment and ~70% MORB fluid 
release. The trace element composition of the infiltrated residual mantle source (CR+M+F) is 
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illustrated as the green line in Figure 4.12a. The addition of this slab-derived fluid flux initiates 
melting of the processed CR+M+F mantle source. Melt generation of the L-UPSPS magmas was 
then modeled as a modal batch melt following the equation: 
! 
CL"UPSPS = CR +M +F /(D(1" F) + F)       (4) 
where CL-UPSPS is the trace element composition of the modeled L-UPSPS magmas and CR+M+F is 
the processed mantle source, which is derived from the melt extracted residue of ‘TE enriched’ 
and mixed with residual melt and solute-rich slab-derived fluid. The trace element pattern for the 
modeled L-UPSPS parent magma is shown as the brown line in Figure 4.12a. This modeled 
composition matches the observed trace element pattern of the L-UPSPS parent magmas 
(QTW11.35, 36) for a 14% partial melt. The best fit for trace element patterns is achieved when 
the mineralogy of the ultimate L-UPSPS mantle source has slightly less garnet (3% vs. 5%) and 
clinopyroxene (15% vs. 20%) than the original ‘TE enriched’ mantle source. Subtly elevated 
fluid mobile elements (Cs, Rb, Ba, and Pb) in the modeled melt compared to the observed 
abundances are probably a function of the assumptions used to calculate sediment-derived fluids. 
For example, a larger fluid release (3% vs. 2%) from the sedimentary package would result in 
lower fluid mobile element abundances without significantly impacting the fluid-immobile 
elements in the infiltrating solute-rich fluid.   
The mantle source of U-UPSPS magmas was calculated in a similar manner as the source of 
L-UPSPS magmas, albeit with a few key exceptions. Based on Nd-Hf isotopic and fluid-
immobile trace element compositions, we assume that the U-UPSPS mantle was a mixture 
between trace element depleted-‘TE enriched’ and ‘prevalent TSPC mantle’ sources rather than 
caused by inefficient melt extraction. The ‘prevalent TSPC mantle’ source was calculated from 
the inversion of QNCE.1 assuming that ‘prevalent TSPC mantle’ magmas are generated by a 
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partial melt (F ~22%). This mantle had also had a garnet lherzolite mineralogy (i.e., ol + opx + 
cpx + grt in the proportions of 72:10:15:3). The inverted source composition of ‘prevalent TSPC 
mantle’ is shown as the green line in Figure 4.12b. Using the calculated ‘prevalent TSPC mantle’ 
and depleted-‘TE enriched’ source trace element compositions in an Nd-Hf isotopic mixing 
model allowed us to determine that the depleted-‘TE enriched’ and ‘prevalent TSPC mantle’ 
sources were mixed to generate the U-UPSPS mantle source. Figure 4.13 illustrates the nearly 
linear mixing curve between the two sources and indicates that U-UPSPS parent magmas are 
derived from an 80% depleted-‘TE enriched’ source mixed with 20% ‘prevalent TSPC mantle.’ 
This mixed mantle source is then infiltrated by slab-derived fluid, which initiates partial melting. 
When combined with the constraints from the Sr-Pb isotopic model (discussed below), the trace 
element pattern of the U-UPSPS parent magma is best matched by the addition of ~3% fluid 
derived from the Juan de Fernandez microplate (JFm), implications of which are discussed 
below. The composition of the U-UPSPS mantle source at the time of slab fluid impregnation is 
shown as the light blue line in Figure 4.12b. A relatively large degree partial melt (F ~19%) is 
required to produce a trace element pattern that best fits the U-UPSPS parent magma 
composition (yellow line in Figure 4.12b). 
4.7.5. Slab fluid composition from an isotopic mixing model 
Fluid mobile/immobile trace element enrichments in arc magmas globally have long been 
associated with slab dehydration and fluid infiltration of the mantle wedge (e.g., Gill 1981; 
Hickey et al., 1986; Tatsumi et al., 1986; Davidson 1987; Davidson et al., 1988; Hickey-Vargas 
et al., 1989; Hawkesworth et al., 1991; McCulloch and Gamble 1991; Elliott et al., 1997). 
Aqueous fluid input to the mantle wedge is thought to be the primary trigger for partial melting 
and arc magma generation (e.g., Gaetani and Grove 2003; Grove et al., 2006; Grove et al., 2012). 
 













Figure 4.13: Nd-Hf isotopic mixing diagram showing the amount of ‘prevalent TSPC mantle’ 
involved in the petrogenesis of U-UPSPS magmas. The mantle source of U-UPSPS magmas is 
generated by mixing 80% of the trace element depleted-‘TE enriched’ source with 20% of the 
‘prevalent TSPC mantle’ source. Details and calculations used in modeling the mantle source 
compositions are given in the text. Star symbols mark the representative isotopic values of the 
two main TSPC mantle sources involved in the generation of UPSPS magmas. 
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The sources of aqueous fluids may originate from subducting oceanic basalt or the overlying 
sedimentary package or some combination of both. Based on fluid mobile isotopic tracers, each 
arc system (and even intra-arc variability) appears to have different slab-derived fluid 
compositions that generally range from being dominated by MORB or altered oceanic crust 
(AOC, here considered as oceanic crust with 87Sr/86Sr >0.7036 caused by seawater interactions), 
to mixtures with sediment (e.g., Miller et al., 1994; Borg et al., 1997; Elliott et al., 1997; 
Ishikawa and Tera 1999; Class et al., 2000; Hochstaedter et al., 2001; Turner and Foden 2001; 
Jicha et al., 2004; Handley et al., 2007). Although sediments may dehydrate at shallow depths in 
the subduction factory (e.g., You et al., 1996), it is reasonable to assume that small amounts of 
sediment fluid are released deeper and are mixed with fluids derived from MORB and 
serpentinized oceanic crust.  
The relatively high fluid mobile/immobile element ratios in the TSPC and other southern 
SVZ magmas were interpreted by earlier investigations as reflecting the addition of slab-derived 
fluids to the SVZ arc source, similar to arc magmas globally (Hickey et al., 1986; Davidson et 
al., 1988; Hickey-Vargas et al., 1989). Limited isotopic data, and the absence of well-
characterized trench sediment compositions, led these authors to suggest that the origins of these 
fluids were primarily derived from subducted regional South Pacific MORB with some hints of 
aqueous sediment incorporation. Correlations between 10Be/9Be and 238U/230Th (and B/9Be) 
provided the first compelling evidence that subduction fluids in the SVZ may also include a 
small sedimentary component (Sigmarsson et al., 1990; Sigmarsson et al., 2002). This is because 
enriched 10Be/9Be in arc magmas require recycling of subducted sediments within the last ~10 
Myr (Brown et al., 1982; Tera et al., 1986), while 238U/230Th activity ratios greater than 1 are 
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characteristic of enhanced fluid mediated addition of U, compared with Th, to the arc magma 
source region (e.g., Allegre and Condomines 1982; Turner et al., 2003).  
Jweda et al. (magma types-in prep.) attributed fluid components identified in ‘low HFSE’ 
magmas at the TSPC to dehydration primarily of the subducted South Pacific oceanic crust with 
a JFm MORB isotopic signature. High fluid mobile/immobile ratios, such as Sr/Nd ~65, in ‘low 
HFSE’ magmas correspond with low 87Sr/86Sr and high 206Pb/204Pb compositions, characteristic 
of JFm oceanic crust isotopes (Fig. 4.5b). In order to account for the lower 87Sr/86Sr and higher 
206Pb/204Pb values in ‘low HFSE’ magmas, Jweda et al. (magma types-in prep.) found that ~4% 
of JFm MORB fluid was added to a ‘prevalent TSPC mantle’ to generate ‘low HSE’ magmas. 
Likewise, U-UPSPS magmas can also be reproduced by addition of ~2% MORB derived fluid 
with JFm MORB isotopic signatures. This is shown as the mixing curve between the U-UPSPS 
mantle source composition prior to fluid fluxing and the MORB fluid in Figure 4.14. It seems 
that the mantle sources of ‘low HFSE’ and U-UPSPS magmas were fluxed by similar fluid 
compositions originating from the subducted slab. 
The L-UPSPS magmas, on the other hand, represent the only magmatic group at the TSPC 
with high fluid mobile/immobile trace element ratios (e.g., Sr/Nd > 45 and high Pb/Ce > 0.3) and 
elevated Sr-isotopic ratios (Fig. 4.11a,c). These enrichments are interpreted as contributions from 
slab fluids reflecting an enriched Sr-isotope component, which is not apparent in U-UPSPS or 
‘low HFSE’ magmas. The two most reasonable and potentially available fluid sources with 
enriched Sr-isotopes in the SVZ subduction system below the TSPC could be either subducted 
AOC or the trench sediment package.  
Dehydration of AOC has long been recognized as a source of subduction zone fluids (e.g., 
White and Patchett 1984; Ellam and Hawkesworth 1988; Elliott et al., 1997). Chemical exchange 
 




Figure 4.14: Possible two-stage, three-component slab fluid mixing models. Symbols are the 
same as in Figure 4.2 and regional reservoir data sources are the same as in Figure 4.5. a) 
Infiltration of UPSPS mantle sources by an AOC-MORB fluid mixture. c) Infiltration of UPSPS 
mantle sources by an MORB-sediment fluid mixture. Detailed views of each scenario are given 
in b and d, which shows how the mixing curves fit through the UPSPS parent magmas. In both 
scenarios, U-UPSPS magmas can be modeled by adding JFm MORB fluid only to the U-UPSPS 
mantle source, whereas L-UPSPS magmas require a dose of Sr-isotope enriched fluid either from 
AOC or the subducted sedimentary package. Tick marks indicate the percent of sediment or 
AOC fluid component added to each fluid mixture. Calculated mantle, sediment and fluid 
compositions are given in Table 4.7. 
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between seawater and the basaltic oceanic crust facilitated by hydrothermal and diagenetic 
processes on the seafloor, results in geochemical modifications to MORB. The most important 
change for our consideration is addition of Sr from seawater resulting in higher 87Sr/86Sr in AOC, 
which can vary from ~0.7036 to ~0.7075 (Staudigel et al., 1995; Staudigel et al., 1996) compared 
to ~0.7022 to ~0.7030 in unaltered Pacific MORB. Assuming that 1) dehydration of AOC is 
similar to that of MORB and sediments, 2) the Pb isotopic composition of South Pacific AOC 
remains similar to that of JFm MORB (206Pb/204Pb = 18.82; there is limited Pb isotopic evidence 
on AOC to assume otherwise) and 3) the Sr-isotopic signature of the subducted oceanic crust is 
elevated (87Sr/86Sr = 0.7046), then we can model a JFm MORB-AOC fluid mixture and its 
impact on the L-UPSPS mantle source. A mixing curve between the L-UPSPS source and a JFm 
MORB-AOC fluid mixture that fits L-UPSPS magmas (shown in Figure 4.14a,b), suggests that 
~3% of the JFm MORB-AOC fluid mixture (in the proportions 28:72) has to be added to the 
mantle to produce L-UPSPS magmas. Varying the 87Sr/86Sr composition of AOC has little effect 
on the quantity (~3%) of total fluid added to the L-UPSPS source, but it does change the 
proportions of the JFm MORB-AOC mixture. For example, decreasing the AOC 87Sr/86Sr value 
increases the proportion of AOC in the fluid whereas the opposite decreases the AOC 
component. If AOC fluid contributions are responsible for the elevated Sr-isotopic values in L-
UPSPS magmas, then the minimum possible AOC 87Sr/86Sr value is ~0.7038 because a pure 
AOC fluid below said amount appears incapable of reproducing the L-UPSPS magmas.  
Subducted trench sediments could also be responsible for the unique fluid signature 
contained in L-UPSPS magmas. Assuming a bulk sediment composition and a similar 
dehydration process as that for AOC and MORB, we model mantle infiltration using a JFm 
MORB-sediment fluid mixture. The addition of the sediment-derived fluid component yields a 
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higher 87Sr/86Sr, without significantly affecting the Pb isotopes, very similar to the effect of 
adding an AOC contribution to the slab fluid. This model suggests that L-UPSPS magmas can 
also be generated by mixing the L-UPSPS mantle source with ~3% of JFm MORB-sediment 
fluid (in the proportions of 73:27, Fig 4.14c,d). The MORB-sediment fluid proportions 
calculated for the L-UPSPS magmas are somewhat comparable to those calculated in other 
studies for the Izu-Bonin (~2% of 88:12, AOC fluid:sediment fluid; Hochstaedter et al., 2001) 
and Aleutian island arcs (~1-5% of [~75-90]:[~10-25], oceanic crustal fluid: sediment fluid; 
Jicha et al., 2004).  
While it could be argued from the isotopic mixing models that the transfer mechanism of the 
enriched 87Sr/86Sr might be a partial melt of either the AOC or the trench sediment, as opposed to 
aqueous fluids, the extremely depleted trace element characteristics of L-UPSPS magmas 
strongly negate this possibility. Furthermore, as pointed out by Jweda et al. (magma types-in 
prep.), TSPC magmas in general lack geochemical evidence of partial melting of the basaltic 
oceanic crust (e.g., Kay 1978; Defant and Drummond 1990; Kelemen et al., 2003c) or trench 
sediments (e.g., Class et al., 2000). We therefore propose that while the U-UPSPS magmas 
reflect JFm MORB-only fluid fluxing, a two component fluid mixture must be expelled from the 
subducted slab in order to explain the unique isotopic compositions of L-UPSPS magmas. It is 
envisaged that aqueous fluid is released by dehydration of subducted south Pacific MORB and 
ascends through the oceanic crust, mixing with either AOC-derived or trench sediment-derived 
fluid components. This 87Sr/86Sr-enriched fluid mixture, compared to JFm MORB fluid-only, 
infiltrates the L-UPSPS mantle source and triggers partial melting.  
The preponderance of fluid signatures in each of these UPSPS magma series suggests that 
the subducted slab releases copious amounts of fluid. The Mocha Fracture Zone (MFZ), which is 
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subducted beneath the TSPC, offers a possible explanation for this unusually large fluid input. 
Oceanic fracture zones may contain large volumes of serpentine, which in turn can hold up to 13 
wt.% water, possibly representing a significant storage of water entering the mantle upon 
subduction (Bonatti and Honnorez 1976; Ulmer and Trommsdorf 1995). As postulated in other 
arcs, subducted fracture zones may dehydrate and release an increased amount of fluid compared 
to surrounding un-fractured oceanic crust (e.g., Jicha et al., 2004; Singer et al., 2007). Since the 
degree of partial melting is most likely linked to the quantity of infiltrating slab-derived fluid in 
subduction zones (Grove et al., 2006; Grove et al., 2009; Grove et al., 2012), it is reasonable to 
assume that greater fluid availability results in higher melt fractions. The large rapid magmatic 
pulse of UPSPS magmatism may then be explained by increased fluid fluxing of the SVZ mantle 
wedge beneath the TSPC owing to subduction of the MFZ. 
4.7.6. Generation of UPSPS magmas 
Key UPSPS systematics, such as isotopic “fingerprinting” of mantle sources and 
incompatible trace element compositions that reflect more recent melting-fractionation-fluid 
infiltration histories, allow us to delineate the sources and processes at play in generating the 
UPSPS magmas in context of the overall TSPC mantle framework. The new comprehensive 
trace element and isotopic dataset requires that two mantle sources and two slab fluid 
components be involved in producing the different UPSPS stratigraphic units. Fluid-immobile 
elements and their isotopes suggest that the mantle sources for L- and U-UPSPS magmas are  
‘TE enriched’ mantle that lost highly incompatible elements through a previous melting event 
and a transitional mantle source between the ‘TE enriched’ and ‘prevalent TSPC mantle’ end-
members, respectively. Fluid-mobile trace elements and their isotopes suggest that slab fluid 
components probably represent either variable amounts of aqueous sediment or AOC fluid 
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incorporation within a MORB-dominated fluid mixture. These stratigraphic and geochemical 
considerations place important constraints on the possible petrogenetic model for the L- and U-
UPSPS basaltic series. 
We propose the following scenario for generation of UPSPS magmas. The primary source 
of L-UPSPS magmas is ‘TE enriched’ mantle, clearly “fingerprinted” by low Nd-Hf isotopic 
compositions (Fig. 4.4a), presumably advected into deeper regions of the mantle wedge. 
Depletions in fluid-immobile incompatible elements (e.g., La/Yb and Nb/Zr) and fluid-mobile 
element enrichments (e.g., Sr/Nd and Pb/Ce) in L-UPSPS magmas, which appear strikingly 
similar to ‘low HFSE’ magmas (Figs. 4.3,4.6,4.8,4.10,4.11), indicate a genetic relationship 
between the melting histories of the ‘low HFSE’ magma type and L-UPSPS magmas. Jweda et 
al. (magma types-in prep.) interpreted the strong fluid-immobile element depletions combined 
with aqueous fluid-mobile element enrichment in ‘low HFSE’ magmas as reflecting recent loss 
of a silicate melt from its mantle source (resulting in the low abundances of the fluid-immobile 
incompatible trace elements), followed by subsequent fluxing by aqueous-rich fluid from the 
subducted oceanic crust, causing the mantle source to be re-melted. Therefore, unlike the ‘TE 
enriched’ magmas, fluid-immobile element depletions in L-UPSPS magmas reflect the loss of 
incompatible trace elements through melt removal from their source before L-UPSPS melts were 
generated (modeled in Fig. 4.12a). The similarity between L-UPSPS and ‘low HFSE’ magmas 
also strongly suggests that the L-UPSPS source was infiltrated by aqueous-rich fluid, which 
ascends into the mantle wedge triggering partial melting. The distinctly high Sr/Nd – high 
87Sr/86Sr, as well as high 206Pb/204Pb, compared to ‘low HFSE’ magmas support the notion that 
either sedimentary- or AOC-derived fluid signatures were transmitted to and preserved in the 
mantle source of L-UPSPS magmas. Fluxing of the melt residue by the aqueous fluid resulted in 
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the enrichment of fluid mobile elements, but left the fluid-immobile element abundances more-
or-less unaffected. 
The difference in Nd-Hf isotopic compositions between L- and U-UPSPS magmas, despite 
remarkably similar trace element compositions, shows that as UPSPS magmatism progressed 
there was an evolution in TSPC mantle sources sampled. Fluid-induced melting transitioned 
from a depleted-‘TE enriched’ source (for the L-UPSPS) to a more ‘prevalent TSPC mantle’-like 
source (for the U-UPSPS), which is modeled in Figures 4.12-14. The high ratios of aqueous 
fluid-mobile/immobile elements indicate that intense aqueous-rich fluid fluxing continued to 
drive melting, even as the magma source changed. The clear associations between ‘low HFSE’ 
and U-UPSPS magmas in terms of fluid mobile/immobile trace element enrichments along with 
isotopic fingerprints (e.g., Sr/Nd and Pb/Ce, as well as low 87Sr/86Sr-high 206Pb/204Pb) indicates 
their mantle sources shared a common fluid flux (Figs. 4.5b,4.14). The combination of low 
87Sr/86Sr and high 206Pb/204Pb attributes in U-UPSPS magmas is particularly diagnostic of an 
aqueous fluid derived from south Pacific MORB without significant sedimentary or AOC signals 
being transferred to their mantle sources (Fig. 4.14). The offsets in Sr-Nd and Sr-Hf isotopes of 
U-UPSPS from the main mafic TSPC array (Fig. 4.4), into an isotope space shared by no other 
mafic TSPC magmas, is the result of fluxing a transitional ‘TE enriched’-‘prevalent TSPC 
mantle’ mantle source with depleted Sr-isotope fluid from the subducted oceanic basaltic crust. 
In summary, the L-UPSPS magmas are derived from regions of the mantle wedge composed 
of ‘TE enriched’ sources that had been previously melted, leaving a residue depleted in fluid-
immobile incompatible trace elements. The melting event that generated the UPSPS magmas 
was instigated by fluxing by aqueous-rich slab-derived fluids from the subducted slab, which left 
its signatures on the mantle. Combined high 87Sr/86Sr – 206Pb/204Pb compositions in L-UPSPS 
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magmas indicate that the fluid was a two component mixture of either sedimentary or AOC 
components and JFm MORB fluid contributions. As the UPSPS magmatic phase progressed with 
time from L-UPSPS to U-UPSPS, the mantle source transitioned from ‘TE enriched’ mantle that 
had experienced trace element depletion through loss of a silicate melt, to inputs from ‘prevalent 
TSPC mantle’ sources. The nature of the fluxing agent that triggered partial melting also 
transitioned toward lower 87Sr/86Sr ratios, probably associated with a MORB-only fluid.  
4.8. Conclusions 
The Upper Placeta San Pedro Sequence of the Tatara San Pedro volcanic complex, which 
erupted over a short duration volcanic episode at ~235-240 ka, represents a unique and 
voluminous basaltic magma series in the TSPC that has distinctive geochemical and petrological 
characteristics. The rather unusual geochemical characteristics include distinctly low Nd-Hf 
isotopic compositions, different combinations of Nd-Sr-Pb and Hf-Sr-Pb isotope ratios compared 
to other mafic TSPC magmas, low abundances of fluid-immobile incompatible trace elements, 
low ratios of highly/moderately incompatible trace elements such as La/Yb, high abundances of 
fluid mobile trace elements, and high ratios of fluid mobile/immobile trace elements. These 
signatures have been previously difficult to reconcile with the rest of the TSPC mafic magmas 
(erupted over >900 ka) which show well-behaved systematic variability in isotopic-trace element 
combinations. In this study, we have presented new isotopic and trace element data on UPSPS 
magmas that is interpreted in the context of the three distinct TSPC mantle end-member 
compositions and associated petrogenetic processes recently recognized for TSPC magmas by 
Jweda et al. (magma types-in prep.). Important new perspectives about mantle sources and 
processes along with stratigraphic constraints provide an opportunity to evaluate the petrogenesis 
of the UPSPS eruptive sequences in terms of mantle wedge and subducted slab contributions.  
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Two UPSPS units (L- and U-, lower and upper) within the sequence are distinguished on the 
basis of the stratigraphic relations observed in the field and different isotopic compositions. Nd-
Hf isotopic compositions and trace element systematics indicate that L-UPSPS magmas are 
derived from a previously melted, incompatible element depleted-‘TE enriched’ mantle source 
whereas the U-UPSPS magmas mark a transition toward a more ‘prevalent TSPC mantle’-like 
mantle source. The similarities in trace element compositions, especially enrichments in aqueous 
fluid mobile elements (e.g., Sr/Nd and Pb/Ce), as well as Pb and Sr isotope ratios, between the 
two units represent partial melting mediated by fluxing of two mantle sources by aqueous-rich 
fluids released from the downgoing plate. The composition of the fluid flux triggering the 
magmatic event appears to have started as a mixture between sedimentary-or AOC- plus South 
Pacific MORB-derived fluid contributions, but transitioned to a predominately MORB fluid 
during the course of the UPSPS sequence. The strong aqueous fluid signatures in the UPSPS 
magmas, and the TSPC in general (including neighboring Longavi and Azul-Quizapu 
Volcanoes), compared to most other SVZ magmas may be associated with subduction of the 
Mocha Fracture Zone beneath this region, which may contain large volumes of chemically-
bound water. The large rapid magmatic pulse of UPSPS magmatism may then be explained high 
aqueous fluid fluxes released by the downing oceanic crust into the SVZ mantle wedge beneath 
the TSPC.  
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Appendix A 
Detailed Chemical Procedures and Methodology 
New isotope analyses (including Sr, Nd, Pb, and Hf) reported in this thesis were 
performed at the Geochemistry Division of the Lamont-Doherty Earth Observatory (LDEO). For 
some of the samples, Sr and Nd isotope ratios were previously measured at the University of 
Durham and have been published (Davidson et al., 1987; Davidson et al., 1988). Previously 
measured isotopic data from Davidson et al. are noted in the appropriate tables. Sequential 
element purifications were performed by extraction ion chromatography in the clean chemistry 
laboratory at LDEO. All Sr and some Pb isotopic ratios were measured on the VG Elemental 
Sector 54-30 multi-collector thermal ionization mass spectrometer (TIMS). Some Nd and Hf 
isotopic ratios were measured on a VG Elemental Axiom multi-collector inductively coupled 
mass spectrometer (MC-ICP-MS). Most Nd, Hf, and Pb isotopic ratios were measured on the 
Thermo-Fisher Neptune Plus MC-ICP-MS. Major and trace elements in UPSPS samples were 
originally measured by XRF spectroscopy (XRF) at the University of Massachusetts (Rhodes 
1988) and published in Dungan et al. (2001). New high precision trace element abundances were 
determined using a Thermo X-Series quadrupole ICP-MS at Harvard University (Bezos et al., 
2009). The following discussion describes in detail the chemical and analytical procedures 
performed during this study. 
A.1. Sample preparation and leaching 
 All volcanic samples were coarsely crushed into small fragments using either a rock 
hammer or a steel jaw crusher. Pristine fragments were further crushed into fine rock powder 
with a quartz or alumina mortar and pestle. Some samples prepared at the University of Geneva 
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were crushed using a W-carbide mortar and pestle, which contaminated some Nb-Ta elemental 
analyses. To remove common Pb on grain surfaces, rock powders were acid leached prior to 
sample dissolution. After ~100-200 mg of sample powder was measured out, they were hot 
leached in 6N HNO3 at 100°C for ~1 hr and then centrifuged in 2 mL centrifuge tubes for ~20 
min. The supernatant was pipette off (and stored) and the samples were subsequently repeatedly 
rinsed with Quartz-distilled (QD) or mill-Q water. The rinsed powders were transferred to Teflon 
beakers to begin the sample dissolution procedure.   
A.2. Sample dissolution 
After the sample powders were leached, a total dissolution blank was prepared by adding 
208Pb/235U to monitor for Pb contamination throughout the procedure. The total dissolution blank 
for each batch of samples underwent all chemistries conducted for that particular batch. Powders 
were digested in 4 mL of concentrated double-distilled (DD) HNO3 and 2 mL of Seastar brand 
ultra-pure HF acids. The acid mixture was heated to 120°C in capped Savillex Teflon (PFA) 
beakers for at least ~12 hr. If the solution was white in color and dissolution appeared complete 
(almost always the case after ~12 hr), samples were dried at 120°C to drive silica off as SiF4 gas. 
After samples were dried, samples were re-dissolved in 2 mL of DD HNO3 and then dried again 
to convert the digested powder into nitric salts. The samples were re-dissolved in DD 6N HCl + 
0.2 N HF to avoid formation of fluorides (e.g., CaF2) and to ensure a high chemistry yield for Hf.  
A.3. Element purifications 
 After the samples were completed digest, they underwent sequential element 
purifications using ion chromatography. Pb was purified twice by passing the solution through 
anion resin Biorad AG1-8X 100-200 mesh chloride form. Subsequently, REE elements were 
purified by passing the Pb waste cuts through Eichrom Tru-spec resin. The waste cut from Tru-
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spec was passed through Eichrom Sr-spec resin to purify Sr. The REE cut was sequentially 
passed through Eichrom LN resin to purify Nd and then Hf.  
A.4. Detailed column chemistry procedures 
A.4.1. Leaching of volcanic rock powders 
1) Weigh an empty pre-cleaned Teflon beaker (wrap in Al foil and shoot with electro-static gun) 
and then re-zero the balance. 
 
2) Add ~0.2 g (range: 0.19 – 0.21 g) of volcanic rock powder to beaker. 
 
3) Weigh the beaker with the sample. 
 
4) Slowly add DD 6 N HNO3 enough to cover rock powder (~0.5 mL). 
 
5) Cap samples and sonicate for ~10 minutes. 
 
6) Heat the beakers on a hotplate for ~1 hr at ~120°C. 
 
7) Turn off hotplate and allow beakers to cool. 
 
8) Pipette solution into bullet and centrifuge for ~15 minutes. 
 
9) Pipette off supernatant and save leachate. 
 
10) Rinse the residual powder by adding QD water, sonicate for ~10 minutes, and then 
centrifuge for ~15 minutes. Note: Save the HNO3 and first QD supernatant. 
 
11) Pipette off supernatant and save leachate. 
 
12) Repeat steps 10 and 11 four times. 
 
13) Save residual powder. 
A.4.2. Sample dissolution 
1) Transfer the residual powder to the original beakers by adding 1 mL of DD conc. HNO3, and 
then add another 3 mL of DD conc. HNO3 to the powder in the beakers, and cap the beakers. 
 
2) Prepare one blank sample for total dissolution blank by weighing an empty pre-cleaned 
beaker, tearing the balance, putting ~50-100 mg of SRH dilute 208Pb/235U spike into the empty 
beaker, and then precisely weighing the beaker. If using the Mettler Toledo AT261 Analytical 
Balance, remember to press the following in order: menu, configuration, calibration internal, and 
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re-zero the balance before each use to calibrate the balance.  Also, squeeze out the first drop of 
spike into the garbage to clear the squeeze top).  This blank goes through the entire chemistry. 
 
3) Add 2 mL of DD conc. HF to the samples and then cap.   
 
4) Sonicate for ~15 minutes to break up samples. 
 
5) Heat on hotplate for ~12 hr (overnight) at 120°C. 
 
6) Check to see if dissolution is complete (dissolved samples should be white in color). 
 
7) If dissolution is complete, sonicate for ~20 minutes. 
 
a) If dissolution is incomplete, sonicate and heat as necessary to dissolve samples. 
 
9) Un-cap beakers and dry beakers on hotplate at 120°C for ~3 hr (be careful to un-cap beakers 
in correct sequence…hotplate boxes have laminar air flow). 
 
10) When dry, allow the samples to cool and then add 1 mL of DD conc. HNO3 to the cap of the 
beakers and carefully pour into beakers. 
 
11) Add another 1 mL of DD conc. HNO3 to each beaker, sonicate for ~10 min, and then heat on 
hotplate for ~12 hr. (overnight) at 120°C. 
 
12) Un-cap beakers and dry on hotplate at 120°C for ~3 hr. 
 
13) Add 2 mL of DD 6 N HCl + 0.2 N HF, cap beakers, and then sonciate for ~10 min to break 
up the samples. 
 
14) Heat on hotplate at 120°C for ~3 hr. 
 
15) Un-cap beakers, wipe droplets from outside of beakers, and dry at 120°C for ~3 hr. 
 
16) When dry, cap the beakers and allow them to cool. 
 
17) Prepare another blank sample for Pb chemistry just as before. This blank goes through only 
the Pb chemistry. 
 
A.4.3. First Pb column chemistry 
1) Dry down the Pb chemistry blank at ~120°C (the total dissolution blank should have already 
been dried with the samples).  
 
2) Add 1 mL of DD 0.7 N HBr to re-dissolve the dried digested samples including all blanks. 
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3) Sonicate the samples for ~10 min and then heat the beakers on a hotplate at 110°C for ~2-3 
hours until all samples and blanks are dissolved completely. 
 
4) Concurrently prepare 100 µL volume Pb columns with 1.3 mL volume reservoirs (hand made 
from shrink tubing): 
  
 a) Put columns in a large Teflon beaker with DD 6 N HCl (re-used for cleaning)  
 to clean any Pb contamination. 
  
 b) Sonicate the large beaker for ~10 minutes and then rinse columns off with QD. 
 
c) Prepare column stand by rinsing with DI water and putting parafilm across the top of 
the stand. Cut holes in parafilm for columns. 
 
d) Fill columns with QD by turning the column over and filling from the bottom first. 
   
e) Immediately turn the column over and fill from top making sure not to entrain air 
bubbles in the stem of the column.   
 
 f) If there are no air bubbles, fill the column with AG1-8X 100-200 mesh resin (cleaned 
by soaking it in 6 N HCl and then rinsing 3x with QD; store resin in QD) using a pipette. 
 
g) Allow the resin to settle and then pipette off excess by moving pipette tip slowly 
around the outer part of the column.  Resin should just reach the neck of the column. 
 
5) When samples are dissolved, knock solution off of cap and transfer solution to centrifuge 
tubes. 
 
6) Centrifuge samples for ~ 15 minutes. 
 
7) Rinse the columns with 1 full column reservoir of QD (3 times). 
 
8) Rinse the columns with 1 full column reservoir of DD 6 N HCl (3 times). 
 
9) Rinse the columns with 240 µL of QD (1 mL = 33 drops, 240 µL = 8 drops) (2 times). 
 
10) Condition the resin with 240 µL of 0.7 N HBr (2 times). 
 
11) All rinses and conditioning solutions should be properly disposed and the original sample 
Teflon beaker should be placed under the column to collect REE. 
 
12) Load samples, using a pipette (1 pipette tip for each sample), from centrifuge tubes into the 
appropriate columns being careful not to disturb the fluoride precipitates. 
 
13) Add 0.7 N HBr to columns making sure to rinse the sides of the columns to elute REE (3 
times in the following manner): 
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 a) Add 300 µL 0.7 N HBr to columns. 
 
 b) Add 1 mL of 0.7 N HBr to columns. 
 
 c) Add 300 µL 0.7 N HBr to columns. 
 
14) Add 240 µL of 2 N HCl to elute Fe. 
 
15) Collecting in a new cleaned Teflon beaker, elute Pb by adding 0.5 mL of DD 6N HCl (3 
times). 
 
16) After Pb is eluted, put columns in QD water to be re-used. 
 
17) Dry down Pb samples (incipient dryness) on hotplate at 100°C for ~3-4 hours while caps are 
turned facing downward on polychloride wrap. 
 
18) When Pb samples are dry, allow beakers to cool, cap beakers, and then wrap in polychloride 
warp. 
 
A.4.4. Second Pb column chemistry 
1) Weigh out a 2nd pass blank with 208Pb/235U spike (~5 drops or ~50 mg).  Remember to squeeze 
out the first drop into the trash to remove any contamination. 
 
2) Dry down the blank at ~80°C until incipient dryness. 
 
3) Add 1 mL of DD 0.7 N HBr to the first pass of Pb and sonicate to dissolve the dried samples 
including all blanks. Note: If the samples are over-dried, add 1 drop of DD 6 N HCl and heat on 
hotplate at ~80°C, sonicate, and then add 1 to 2 drops of QD to dilute the solution and then add 1 
mL of DD 0.7 N HBr while heating at ~100°C for ~2 hours. If the samples still do not go into 
solution, add 1 drop of conc. DD HNO3 and dry down to just a spot and then add 1 mL of DD 
0.7 N HBr while heating at 100°C for ~2 hours.  
 
4) Concurrently prepare Pb columns: 
  
 a) Put columns in a large Teflon beaker with DD 6 N HCl (re-used for cleaning)  
 to rinse Pb off. 
  
 b) Sonicate large beaker for ~10 minutes and then rinse columns off with QD. 
 
c) Prepare column stand by rinsing with DI water and putting parafilm across the top of 
the stand. Cut holes in parafilm for columns. 
 
d) Fill columns with QD by turning the column over and filling from the bottom first. 
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e) Immediately turn the column over and fill from top making sure not to entrain air 
bubbles in the stem of the column.   
 
f) If there are no air bubbles, fill the column with AG1-8X 100-200 mesh resin using a 
pipette.   
 
g) Allow the resin to settle and then pipette off excess by moving pipette tip slowly 
around the outer part of the column.  Resin should just reach the neck of the column. 
 
5) Collecting in a waste beaker, rinse the column with one full reservoir of QD water (3 times). 
 
6) Add one full reservoir of 6 N HCl (3 times). 
 
7) Rinse the columns with 240 µL of QD water (2 times). 
 
8) Condition the resin with 240 µL of 0.7 N HBr (2 times).  
 
9) When samples are dissolved, knock solution off of cap and allow the beakers to cool. 
 
10) While collecting in the original REE beaker from the first pass of Pb chemistry, load the 
samples using a pipette tip for each sample. 
 
11) To wash out any remaining REE:  
 
a) Add 300 µL of 0.7 N HBr to the columns. 
 
b) Add 1 mL of 0.7 N HBr to the columns. 
 
c) Add 300 µL of 0.7 N HBr to the columns. 
 
12) Cap the beakers and replace with waste beakers. 
 
13) Add 240 µL of 2 N HCl to wash out the Fe. 
 
14) Collecting in clean beakers labeled 2nd pass of Pb, elute Pb by adding 0.5 mL of 6 N HCl (3 
times). 
 
15) Clean columns and store in QD water.  
 
16) Dry down REE samples on hotplate at 120°C for ~3-4 hours (sample blanks get dried only, 
so remove and store). 
 
17) Allow REE beakers to cool, add 3 drops of DD conc. HCl and 1 drop of DD conc. HNO3 to 
drive off HBr.  
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18) Slowly heat the REE samples starting at ~80°C until the reaction takes place, and then heat 
on hotplate at 120°C for ~1-2 hours until samples are dry. 
 
19) When dry, add 5 drops of DD conc. HNO3. 
 
20) Heat on hotplate at 120°C for ~1-2 hours until samples are dry. 
 
21) Allow beakers to cool and then cap and wrap in polychloride wrap. 
 
22) To measure Pb by ICP-MS, dry 2nd pass of Pb to drop, then add 600 µL of 3% HNO3, heat 
for few min., and then transfer to a 2 mL centrifuge tube (bullet).  Make up a 20 µL dilution in a 
bullet to be run on the Quad (see end of Nd column chemistry).   
 
23) To measure Pb by TIMS, dry 2nd pass of Pb to a drop (add 1-2 drops of conc. HNO3 if the 
sample is over-dried, and then dry down to incipient dryness) and then add 6 µL of 6 N HCl to 
the sample.   
 
23) After Pb has been measured by TIMS, store 1st pass of Pb by adding 20 µL of conc. HNO3, 
dry to drop, add 200 uL of 6 N HCl, heat for 2 min., sonicate and transfer to bullet. 
 
A.4.5. Tru-spec column chemistry 
1) Take the REE cut from the Pb column chemistry and add 1 mL of 1 N HNO3 to each beaker. 
 
2) Cap beakers and dissolve on hotplate at 110°C for ~1-2 hours. 
 
3) Allow beakers to cool and then transfer to bullets and centrifuge the samples for ~25 minutes. 
 
4) Concurrently prepare Pb columns for Tru-Spec chemistry: 
 
 a) Add QD water to resin and brake up fine particles by shaking. 
  
 b) Pipette off fine particles from top of water surface. 
 
c) Prepare column stand by rinsing with DI water and putting parafilm across the top of 
the stand. Cut holes in parafilm for columns. 
 
d) Rinse off pre-cleaned Pb columns and re-use for Tru-Spec column chemistry.  Clean 
Pb columns by putting columns in a large Teflon beaker with DD 6 N HCl (re-used for 
cleaning) and sonicating for ~10 minutes and then rinse columns off with QD.  Also put 
columns in a large Teflon beaker with DD 1 N HNO3 (re-used for cleaning) and 
sonicating for ~10 minutes and then rinse columns off with QD.  
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f) Add Tru-Spec resin up to the neck of the columns. 
 
g) Allow resin to settle and pipette off excess. 
 
5) Collecting in a waste beaker, fill column with 1 full reservoir of QD water. 
 
6) Make DD 1 N HCl. 
 
7) Add 1 full reservoir of DD 1 N HCl to the columns to wash away REEs (2 times). 
 
8) Add 300 µL of QD water to the columns to wash the HCl from the columns. 
 
9) Add 300 µL of DD 1 N HNO3 to pre-condition the columns (3 times). 
 
10) Change the waste beakers with the original sample Teflon beakers and load centrifuged 
samples by carefully pipetting the supernatant avoiding the solid particles. Remember to keep 
beaker caps facing down. 
 
11) Add 500 µL of DD 1 N HNO3 to the columns to elute the cation cut (Rb and Sr) (3 times). 
 
12) Collecting in new beakers (labeled REE cut), add 330 µL of DD 1 N HCl (3 times). 
 
13) After all of the clean REE cut solution has been collected, cap beakers and store properly 
with label and polyvinyl chloride wrap. 
 
14) Dry down both the cation cut and the REE cut at 120°C on the hotplate for ~3-4 hours. 
 
15) Clean the Tru-Spec columns by rinsing with QD to remove resin and then putting columns in 
a 6 N HCl re-usable cleaning solution bath.  Sonicate columns for ~10 minutes and then store 
columns in QD water. 
 
A.4.6. Sr-spec column chemistry 
1) Add 0.5 mL of DD 3 N HNO3 to the cation cut from the REE separation. 
 
2) Heat to 110°C on the hotplate for ~1-2 hours to dissolve samples. 
 
3) Transfer dissolved samples to bullets and centrifuge for ~20 minutes. 
 
4) Concurrently prepare the 30 µL volume Sr columns with 0.5 mL volume reservoirs (hand 
made from shrink tubing): 
 
a) Clean out previously used Sr columns (small columns) with QD water and removing 
the resin.  
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b) Clean Sr columns by putting them in a 6 N HCl bath and sonicating for ~15 minutes 
and then rinsing them off with QD. 
 
b) Prepare column stand by rinsing with DI water and putting parafilm across the top of 
the stand. Cut holes in parafilm for columns. 
 
c) Add QD water to columns (bottom first and then top, avoiding any bubbles in stem of 
column). 
 
d) Add Sr resin up to the neck of the columns. 
 
e) Allow resin to settle and pipette off any excess resin. 
 
5) Collecting in waste beakers, add 1 full reservoir of QD water to wash away any Sr in the 
columns (3 times). 
 
6) Make DD 3 N HNO3 and then add 1 full reservoir of 3 N HNO3 to condition the columns. 
 
7) Collecting in the original sample beakers, load the samples by pipetting the supernatant from 
the centrifuged solutions (Note: original beakers will contain solutions and precipitates from 
other steps in preparation for Hf chemistry). 
 
8) Add 330 µL of 3 N HNO3 to the columns to collect Rb and other cations (3 times). 
 
9) Collecting in new pre-cleaned beakers (labeled pure Sr cut), add 1 full reservoir of QD to elute 
pure Sr (3 times). 
 
10) After all of the clean Sr cut solution has been collected, cap beakers and store properly with 
label and polyvinyl chloride wrap. 
 
11) Clean Sr columns by dumping the resin with QD and then put Sr columns in a 6 N HCl bath 
and sonicate for ~15 minutes. 
 
12) Dump the 6 N HCl for re-use in cleaning and store Sr columns in QD water. 
 
13) Dry down the Sr samples. Add 2 drops of conc. HNO3, sonicate, and then dry to a drop.  
Then add 8 µL of 6 N HCl and keep in beaker until loaded onto filament. 
 
14) After Sr samples have been measured by TIMS, add 20 µL of conc. HNO3 to the beakers, dry 
to drop, add 500 µL of 6 N HCl, heat for 5 min., sonicate, and transfer to bullets for storage. 
 
A.4.7. LN-spec Nd column chemistry 
1) Dry down the REE clean cut to incipient dryness on a hotplate at ~100°C for ~2-3 hours. 
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2) Pipette 100 µL of 0.22 N HNO3 into the original beakers (there should be no bubbles on the 
bottom). 
 
3) Sonicate the samples for ~20 minutes to dissolve the samples.   
 
4) Concurrently prepare LN-spec Nd columns (1 mL volume ion-exchange Teflon Savillex 
columns with fitted pipette tip ends): 
 
a) Prepare column stand by rinsing with DI water and putting parafilm across the top of 
the stand. Cut holes in parafilm for columns. 
 
b) If setting up columns for the first time, fill column reservoir with QD water and loosen 
the bottom to get all of the air bubbles out of the column. Plug the bottom of the column 
and pipette clean resin into the column. Reduce the volume of resin in the column (once 
the resin has settled) to the top of the neck. The LN spec resin should be rinsed with 6N 
HCl and then QD 3x. 
 
c) After the resin level is properly adjusted, tighten the bottom of the column and allow 
the QD water to pass through the column. 
 
 d) Add one full reservoir of QD water. 
 
5) If the samples have not dissolved completely, heat on hotplate at 100°C for ~30 minutes and 
then sonicate for ~20 minutes.  
 
6) To clean the resin:   
 
a) Add 0.5 mL of QD water. 
 
b) Add 0.5 mL of 6 N HCl (3 times) to wash out the REE, especially the HREE. 
 
c) Add 0.5 mL of QD water. 
 
d) Add one full reservoir of 3 N HNO3. 
 
e) Add 0.5 mL of QD water (2 times). 
 
7) Condition the resin with 1 mL of 0.22 N HNO3. 
 
8) While collecting in the original beakers, load the samples from the Teflon beakers into the 
appropriate columns. 
 
9) Add 200 µL of 0.22 N HNO3 (2 times).  
 
10) Add 2 mL of 0.22 N HNO3 to wash out the HREE. 
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11) Collecting in clean beakers, add 6 mL of 0.22 N HNO3 (add 3 mL + 3 mL) to elute Nd. 
 
12) To clean the LN resin: 
 
 a) Add 0.5 mL of QD water. 
 
 b) Add 0.5 mL of 6 N HCl (3 times). 
 
 c) Add 0.5 mL of QD water. 
 
 d) Add one full reservoir of 3 N HNO3. 
 
 e) Add 0.5 mL of QD water (2 times). 
 
 f) Store columns with resin in QD water up to the neck of the column. 
 
13) Dry samples down to a spot (incipient dryness). 
 
14) Add 600 µL of 3% HNO3 and warm on a hotplate until completely dissolved. 
 
15) Transfer to a clean 2 mL centrifuge tube with name clearly marked. 
 
16) Take out 20 µL and put it in another tube and then add 980 µL of 3% HNO3 in order to 
measure a dilution (diluted 50x) on the Quad. 
 
A.4.8. LN-spec Hf column chemistry 
1) Take the beakers with the cation cut and add to it the precipitates from the 1st pass of Pb, Tru-
spec, and Sr chemistries, as well as the REE cut after Nd chemistry. 
 
2) Dry down the samples at ~100°C for ~12 hr (overnight). 
 
3) Dissolve the samples by adding 5 mL of 3N HCl (3N HCl has the smallest Fe absorption) and 
then heating overnight on a hotplate at ~80°C. 
 
4) At the beginning of the column chemistry day, make 1N ascorbic acid by adding 1.76g of 
ascorbic acid crystals to 10 mL of QD water. Shake and sonicate until the crystals dissolve. 
 
5) Transfer the still warm samples in 3 N HCl from the beakers into 15 mL centrifuge tubes. 
 
6) Add 0.1 to 0.5 mL of 1 N ascorbic acid to the warm samples in 3 N HCl in 0.1 mL increments 
until the yellow color of Fe3+ fades away (Fe3+ is reduced to Fe2+). 
 
7) Once the yellow color has faded, centrifuge the samples for 15 minutes with parafilm wrapped 
around the cap. 
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8) Concurrently prepare LN-spec 2 mL volume Hf columns with 12 mL volume reservoirs (hand 
made from shrink tubing): 
 
a) Prepare column stand by rinsing with DI water and putting parafilm across the top of 
the stand. Cut holes in parafilm for columns. 
 
b) If setting columns up for the first time, fill columns with QD by turning the column 
over and filling from the bottom first and then immediately turn the column over and fill 
from top making sure not to entrain air bubbles in the stem of the column. Next add LN 
resin to the columns and allow the resin to settle and then pipette off excess by moving 
pipette tip slowing around the outer part of the column. Resin should just reach the neck 
of the column. 
 
c) After the resin level is properly adjusted, add one full reservoir of QD water. 
 
9) To clean the resin: 
 
a) Add 10 mL of 2 N HF. 
 
 b) Add 10 mL of 6 N HCl. 
 
 c) Add 5 mL of QD water. 
 
 d) Add 10 mL of 2 N HF. 
 
 e) Add 10 mL of QD water. 
 
10) Condition the resin with 5 mL of 3 N HCl (2 times). 
 
11) While collecting in waste beakers, load the samples from the centrifuge tubes into the 
appropriate columns. 
 
12) Add 10 mL of 3 N HCl (2 times) to wash out the major elements. 
 
13) Add 10 mL of 6 N HCl (4 times) to wash out the Lanthanide elements. 
 
14) Add 5 mL of QD water (2 times). 
 
15) Add 10 mL of 0.09 N HCit + 0.45 N HNO3 + 1% H2O2 (4 or 5 times until the pink color 
fades) in order to oxide and wash out Ti. Make sure there is no HCl in the graduated cylinder 
used for measuring. 
 
16) Add 5 mL of QD water (3 times). 
 
17) Collecting in clean Teflon beakers, add 12 mL of 6 N HCl – 0.2 N HF to elute Hf (low 
normality of HF elutes only Hf rather than all of the HREE). 
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18) To clean the LN resin: 
 
 a) Add 10 mL of 2 N HF (1 time). 
 
 b) Add 10 mL of QD water (1 time). 
 
 c) Add 10 mL of 6 N HCl (1 time). 
 
 d) Add 10 mL of QD water (1 time). 
 
 e) Store columns with resin in QD water up to the neck of the column. 
 
19) Dry down samples. 
 
20) Add 20 µL of conc. HF and 60 µL of conc. HNO3 to the samples and then warm on hotplate 
until completely dissolved. 
 
21) Dry down to ~¼ and add 600 µL of QD water. 
 
22) If completely dissolved, transfer to a clean 2 mL centrifuge tube with name clearly marked.  
 
23) Take out 20 µL and put it in another tube and then add 980 µL of 3% HNO3 – 1% HF in 
order to measure a dilution (diluted 50x) on the Quad. 
 
A.5. Mass spectrometry 
Sr and Pb isotope ratios were measured on a VG Elemental Sector 54-30 multi-collector 
thermal ionization mass spectrometer (TIMS) at LDEO. Typically, ~200 ng of purified Sr in 2 
µL of 6N HCl was loaded onto W-filaments with 1 µL of diluted Sr-loader solution. Standards 
and samples were loaded the same way in order to ensure multiple runs at optimal intensity. Sr-
isotopes were measured in dynamic multi-collector mode at a beam intensity of ~4.5 V on mass 
88Sr for ~160 ratios. 87Sr/86Sr ratios were corrected for mass fractionation using 86Sr/88Sr = 
0.1194, and corrected to a NIST SRM 987 standard value of 0.710240. The NIST SRM 987 
standard was repeatedly measured during all run periods, and errors are based on multiple SRM 
987 measurements within each run period, during which the standard was typically measured 
~10 times and had a 2σ reproducibility between ±8-13 x 10-6. The SRM 987 standard values 
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varied from 0.710249 to 0.710293 over the course of this thesis work. However, if the first and 
last individual measurement intervals are excluded, the average 87Sr/86Sr value is 0.710275±13 (2 
SD, n = 103).  
Some of the Pb isotope analyses were measured on the TIMS using the LDEO 207Pb-
204Pb double-spike in order to correct for mass fractionation. Typically, ~50 ng of purified Pb in 
1 µL of 6N HCl was loaded onto Re-filaments with 2 µL of silica gel and 0.4 µL of 0.5 M 
H3PO4. Pb-isotope measurements were corrected for mass fractionation using the 207Pb-204Pb 
double spike method in which all standards and samples were analyzed twice: once without the 
spike and once mixed with the double spike. The double spike was mixed with the standards and 
samples during filament loading in equal proportions. The Pb-isotopes were measured in static 
multi-collector mode at a beam intensity of ~4.0 V on mass 208Pb (and ~150 mV on mass 204Pb) 
for ~100 ratios. The NIST SRM 981 standard was repeatedly measured (~10 times) during all 
run periods and samples were normalized to the standard values of 16.9405, 15.4963, and 
36.7219 for 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb, respectively (Galer and Abouchami 1998; 
Abouchami et al., 1999). The average measured value of NBS SRM 981 during this thesis was 
206Pb/204Pb = 16.9367 (2σ = 0.0068), 207Pb/204Pb = 15.4938 (2σ = 0.0063), and 208Pb/204Pb = 
36.7126 (2σ = 0.0160), n = 216. Typical 2σ reproducibilities for individual measurements 
intervals on the TIMS were 325 ppm for 206Pb/204Pb, 390 ppm for 207Pb/204Pb, and 410 ppm for 
208Pb/204Pb.  
Nd, Hf, and some Pb isotope ratios were acquired on a VG Elemental Axiom or a 
Thermo-Fisher Neptune Plus multi-collector (MC-ICP-MS) at LDEO using the static multi-
collector mode. Measurement procedures were virtually the same between the Axiom and 
Neptune. For each of the isotopes, there were 60 ratios per standard or sample measurement. 
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Once signal stability was reached after a lengthy warm-up period, standards were repeatedly run 
before and after each sample and/or external standard (typically ~20-30 standards per run). 
Typically, solutions of ~200 ng of each purified element in 1 mL 3% NHO3 (solutions for Hf 
measurements contained 0.1% HF) were run. The typical running intensities were ~2.0 V on 
mass 145Nd for Nd isotopes, ~1.0 V on mass 176Hf for Hf isotopes, and ~6.0 V on mass 208Pb for 
Pb isotopes. 
143Nd/144Nd ratios were corrected for mass fractionation using 146Nd/144Nd = 0.7219, and 
samples were corrected to a JNdi-1 standard value of 143Nd/144Nd =0.512115 (Tanaka et al., 
2000). The average value of 143Nd/144Nd for JNdi measured on the Neptune during this thesis 
work was 0.512072±15 (2 SD, n = 331). The La Jolla Nd standard was measured between every 
~5 samples as an additional check on accuracy. The average corrected 143Nd/144Nd value of La 
Jolla was 0.511858±10 (2 SD, n = 33), which is within error of the value of 0.511858 used by 
Tanaka et al. (2000) to calibrate JNdi. Typical 2σ external reproducibility of JNdi was ±14 and 
±9 x 10-6 on the Axiom and Neptune, respectively. 176Hf/177Hf ratios were corrected for mass 
fractionation using 179Hf/177Hf =0.7325, and samples were normalized to the in-house Alfa 
Specpure 13843 Hf standard solution, which we cross-calibrated with the JMC 475 standard on 
the Axiom. The average measured value of the Alfa Hf standard was 176Hf/177Hf = 0.282151±12 
(n =353), within error of the published value of 176Hf/177Hf =0.282160 for JMC 475 (Blichert-
Toft et al., 1997). The average value of 176Hf/177Hf for the Alfa Hf standard measured on the 
Neptune during this thesis work was 0.282151±12 (2 SD, n = 353). Typical 2σ external 
reproducbilities of Alfa Hf were ±12 and ±9 x 10-6 on the Axiom and Neptune respectively. Nd 
and Hf isotopic analyses between Axiom and Neptune MC-ICP-MS measurements were 
generally within error and showed no systematic offsets. Pb isotopes were measured on the 
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Neptune following the same procedure as used with the Axiom. Pb isotopes were corrected for 
mass fractionation by adding Tl to each of the standards and samples, and correcting to 
203Tl/205Tl = 0.41844 (Thirlwall 2002). The Pb/Tl ratio was controlled by adding 41.625 ppb Tl 
to 225 ppb Pb in each solution. The NIST SRM 981 standard was repeatedly measured during all 
run periods and samples were normalized to the standard values of 16.9405, 15.4963, and 
36.7219 for 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb, respectively (Galer and Abouchami 1998; 
Abouchami et al., 1999). Typical 2σ external reproducibility of NIST 981 was 60 ppm for 
206Pb/204Pb, 60 ppm for 207Pb/204Pb, and 70 ppm for 208Pb/204Pb. Pb isotopic analyses between 
TIMS and MC-ICP-MS measurements from chemistry duplicates were within error and showed 
no systematic offsets. Total Pb blanks, which were processed with each sample from digestion 
through Pb chemistry and were determined by spiking with 208Pb, ranged from 40 to 240 pg (n = 
14) with an average of ~150 pg. No Pb blank correction was applied because blank 
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Appendix B 
High precision isotopic measurements of BCR-2 
B.1. Introduction 
In order to achieve high precision – high accuracy isotopic measurements within and 
between laboratories across the globe, universal reference materials must be available and well 
calibrated. These reference standard materials are used for normalization purposes and for 
demonstrating the reliability of isotopic measurements (e.g., Raczek et al., 2003; Weis et al., 
2006; Weis et al., 2007). The United States Geological Survey (USGS) provides several of the 
most widely utilized and best characterized standards in the world. One standard in particular, 
the Columbia River Basalt (BCR-1), which was collected from lava flows east of Portland, 
Oregon, was extensively used for quality control. The BCR-1 samples were finely powdered and 
homogenized to produce an abundant and high quality reference material. Since the first standard 
powder is no longer available, a second-generation powder was prepared (BCR-2) and 
distributed in 1996. Surprisingly, there have been few systematic isotopic analyses of the BCR-2 
reference material (Raczek et al., 2003; Weis et al., 2006; Weis et al., 2007) despite its 
widespread usage in the geochemical community. 
Within the last few years, the Lamont-Doherty Earth Observatory (LDEO) isotope group 
has implemented the systematic use of BCR-2 as an external standard to be digested with every 
sample chemistry batch, and analyzed with in-house standards during every isotope analysis 
session. Although the in-house standards allow us to correct for isotopic drift throughout each 
analysis run period and to normalize unknown samples to a published standardized value, 
questions about quality control remain. The utilization of BCR-2 as an external standard is 
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crucial for monitoring the accuracy of samples during the analysis of every sample batch from 
digestion and chemistry through the measurement stage. Since standards can often be of a 
different matrix type (for example: JNdi-1 is a dissolved neodymium oxide) from sample types 
being measured, BCR-2 can additionally demonstrate reliability in the data by introducing matrix 
effects similar to those of the unknown basaltic rock powders.  
In this section, Sr, Nd, Hf, and Pb isotopic compositions are reported from measurements 
on replicate BCR-2 powder aliquots using the VG Elemental Sector 54-30 TIMS, VG Elemental 
Axiom, and Neptune Plus MC-ICP-MS at LDEO. An aliquot of BCR-2 rock powder was 
processed with nearly all but the first few chemistry batches in this thesis work. The isotopic 
compositions and their uncertainties are compiled here. This investigation provides the isotopic 
group at LDEO, as well as the geochemistry community at large, with the most precise and up-
to-date measurements of BCR-2 isotopic compositions. 
B.2. Results and Discussion 
 The compiled Sr-Nd-Hf-Pb isotopic compositions for BCR-2, including the digestion 
batch, analysis date, 2 sigma internal uncertainties, and 2 sigma reproducibilities are given in 
Table B.1. BCR-2 samples were treated exactly the same as unknown powders throughout all 
stages of the chemistry and isotopic analyses. Chemical procedures and analytical normalizations 
for BCR-2 replicates are also the same as unknown powders, which are described in detail in the 
methodology section of this thesis (Appendix A). 
B.2.1. Sr isotopic compositions 
Sr isotopic compositions for the multiple BCR-2 digestions and their internal errors 
measured during this work at LDEO are plotted in Figure B.1 along with the average 87Sr/86Sr 
value, which was 0.704992 (2 SD = 0.000012, n = 21). For comparison, the compiled range of  
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Table B.1: Isotopic compositions (Sr, Nd, Hf, and Pb), digestion batch, analysis date, external 
error, internal errors of BCR-2 and La Jolla (for Nd isotopes only) standard reference material 
measured during the course of this work. The mean, geometric means, and 2 standard deviations 




Digestion Norm. ratio 2σ  (ext 
error) 
2σ  (int 
error) 
 2 SD 
87Sr/86Sr        
BCR-2 5/9/11 12.09 0.704989 0.000009 0.000008   
 6/1/11 6.10 0.704989 0.000011 0.000008   
 6/4/11 6.10 0.704993 0.000011 0.000008   
 6/7/11 10.09 0.704993 0.000011 0.000008   
 6/13/12 2.11 0.705000 0.000007 0.000008   
 6/13/12 2.11 0.705001 0.000007 0.000008   
 6/16/12 4.11 0.705002 0.000007 0.000008   
 7/14/12 3.11 0.704990 0.000013 0.000008   
 7/18/12 3.11 0.704995 0.000013 0.000008   
 7/27/11 7.11 0.704982 0.000010 0.000008   
 7/28/11 7.11 0.704979 0.000010 0.000010   
 8/6/12 6.11 0.704997 0.000009 0.000010   
 8/8/11 8.11 0.704991 0.000014 0.000010   
 11/21/11 10.11 0.704996 0.000009 0.000010   
 1/8/12 5.11 0.704985 0.000009 0.000010   
 2/20/12 2.12 0.704993 0.000009 0.000010   
 2/29/12 11.11 0.704994 0.000009 0.000010   
 3/1/12 5.11 0.704995 0.000009 0.000010   
 4/23/12 4.12 0.704983 0.000011 0.000010   
 9/14/12 8.12 0.704987 0.000010 0.000010   
 9/22/12 9.12 0.704992 0.000011 0.000010   
 Mean  0.704992    0.000012 
 GeoMean  0.704992     
        
143Nd/144Nd      εNd  
BCR-2 4/13/11 6.10 0.512630 0.000011 0.000016 -0.01  
 5/17/11 10.09 0.512637 0.000014 0.000018 0.56  
 5/31/11 2.11 0.512644 0.000017 0.000014 0.13  
 6/2/11 2.11 0.512630 0.000017 0.000016 0.26  
 8/10/11 7.11 0.512643 0.000014 0.000016 -0.01  
 8/12/11 8.11 0.512625 0.000017 0.000016 0.26  
 8/12/11 8.11 0.512631 0.000017 0.000016 -0.10  
 2/14/12 11.11 0.512644 0.000007 0.000006 0.02  
 2/14/12 2.12 0.512639 0.000007 0.000005 0.26  
 2/15/12 11.11 0.512643 0.000010 0.000006 0.17  
 2/15/12 2.12 0.512641 0.000010 0.000005 0.25  
 2/16/12 10.09 0.512640 0.000007 0.000006 0.22  
 2/21/12 10.11 0.512632 0.000011 0.000005 0.20  
 2/23/12 3.11 0.512648 0.000015 0.000006 0.05  
 2/23/12 5.11 0.512646 0.000015 0.000004 0.35  
 4/4/12 10.09 0.512635 0.000011 0.000005 0.31  
 4/4/12 10.09 0.512635 0.000011 0.000005 0.09  
 4/30/12 4.12 0.512642 0.000009 0.000005 0.09  
 4/30/12 4.12 0.512646 0.000009 0.000004 0.23  
 5/10/12 4.12 0.512637 0.000006 0.000004 0.31  
 5/10/12 12.09 0.512627 0.000006 0.000004 0.13  
 9/17/08 9.12 0.512634 0.000010 0.000006 -0.07  
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 9/18/08 3.11 0.512629 0.000008 0.000004 0.07  
 9/18/08 9.12 0.512631 0.000008 0.000005 -0.01  
 9/18/08 4.12 0.512630 0.000008 0.000007 0.02  
 1/4/13 8.12 0.512640 0.000007 0.000004 0.19  
 1/4/13 4.12 0.512640 0.000007 0.000005 0.19  
 Mean  0.512637   0.13 0.000013 
 GeoMean  0.512637     
        
143Nd/144Nd      εNd  
La Jolla 7/21/08  0.511843 0.000015 0.000012 -15.35  
 7/21/08  0.511863 0.000015 0.000016 -14.96  
 10/3/08  0.511850 0.000015 0.000016 -15.21  
 10/3/08  0.511858 0.000015 0.000014 -15.06  
 10/19/08  0.511862 0.000013 0.000018 -14.99  
 10/19/08  0.511856 0.000013 0.000018 -15.10  
 1/21/10  0.511861 0.000009 0.000016 -14.99  
 5/17/11  0.511875 0.000015 0.000016 -14.73  
 5/17/11  0.511857 0.000015 0.000014 -15.08  
 5/17/11  0.511855 0.000014 0.000016 -15.12  
 5/17/11  0.511859 0.000014 0.000014 -15.04  
 5/17/11  0.511843 0.000014 0.000014 -15.35  
 2/13/12  0.511856 0.000012 0.000005 -15.10  
 2/13/12  0.511856 0.000012 0.000004 -15.10  
 2/14/12  0.511866 0.000007 0.000005 -14.90  
 2/15/12  0.511863 0.000010 0.000006 -14.96  
 2/16/12  0.511860 0.000007 0.000006 -15.03  
 2/16/12  0.511855 0.000007 0.000005 -15.13  
 2/21/12  0.511848 0.000011 0.000005 -15.26  
 2/21/12  0.511858 0.000011 0.000005 -15.05  
 2/23/12  0.511856 0.000015 0.000012 -15.11  
 4/4/12  0.511857 0.000011 0.000004 -15.08  
 4/30/12  0.511859 0.000009 0.000004 -15.05  
 4/30/12  0.511857 0.000009 0.000006 -15.08  
 5/10/12  0.511856 0.000006 0.000003 -15.10  
 5/10/12  0.511860 0.000006 0.000004 -15.02  
 9/17/08  0.511866 0.000010 0.000007 -14.90  
 9/17/08  0.511854 0.000010 0.000006 -15.14  
 9/18/08  0.511857 0.000008 0.000006 -15.07  
 9/18/08  0.511853 0.000008 0.000007 -15.15  
 1/4/13  0.511858 0.000007 0.000004 -15.05  
 1/4/13  0.511866 0.000007 0.000003 -14.90  
 1/4/13  0.511860 0.000007 0.000005 -15.01  
 Mean  0.511858   -15.06 0.000010 
 GeoMean  0.511858     
        
176Hf/177Hf      εHf  
BCR-2 3/14/12 2.12 0.282872 0.000010 0.000004 3.08  
 3/15/12 11.11 0.282876 0.000015 0.000005 3.22  
 3/15/12 2.12 0.282869 0.000011 0.000004 2.97  
 3/16/12 5.11 0.282867 0.000006 0.000004 2.91  
 3/16/12 12.09 0.282863 0.000006 0.000004 2.75  
 3/16/12 3.11 0.282866 0.000006 0.000003 2.86  
 3/19/12 10.09 0.282873 0.000011 0.000003 3.11  
 3/19/12 2.12 0.282859 0.000011 0.000006 2.62  
 3/20/12 3.11 0.282866 0.000018 0.000007 2.88  
 3/22/12 6.10 0.282856 0.000010 0.000005 2.49  
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 3/23/12 11.11 0.282857 0.000008 0.000004 2.56  
 3/23/12 3.11 0.282857 0.000008 0.000005 2.56  
 3/26/12 9.11 0.282864 0.000011 0.000004 2.79  
 3/26/12 10.11 0.282861 0.000011 0.000004 2.70  
 5/18/12 4.12 0.282868 0.000009 0.000003 2.92  
 5/18/12 3.11 0.282861 0.000009 0.000003 2.70  
 5/18/12 4.12 0.282870 0.000009 0.000003 3.01  
 9/20/12 9.12 0.282871 0.000009 0.000004 3.04  
 9/20/12 9.12 0.282867 0.000009 0.000004 2.91  
 9/20/12 9.12 0.282861 0.000009 0.000003 2.67  
 9/22/12 4.12 0.282870 0.000007 0.000004 2.99  
 9/22/12 9.12 0.282865 0.000007 0.000004 2.83  
 1/15/13 8.12 0.282871 0.000009 0.000003 3.06  
 1/15/13 8.12 0.282870 0.000009 0.000004 3.01  
 1/15/13 8.12 0.282866 0.000009 0.000004 2.86  
 Mean  0.282866   2.86 0.000011 
 GeoMean  0.282867     
        
206Pb/204Pb        
BCR-2 3/1/12 2.12 18.8026 0.0010 0.0005   
 3/1/12 2.12 18.8018 0.0010 0.0004   
 3/5/12 11.11 18.8034 0.0013 0.0005   
 3/5/12 2.12 18.8030 0.0013 0.0004   
 3/5/12 5.11 18.8029 0.0013 0.0005   
 3/5/12 12.09 18.8032 0.0013 0.0005   
 3/5/12 6.10 18.8034 0.0013 0.0006   
 3/12/12 3.11 18.8027 0.0013 0.0005   
 3/12/12 10.09 18.8029 0.0013 0.0004   
 3/12/12 12.09 18.8037 0.0013 0.0005   
 3/13/12 2.12 18.8036 0.0010 0.0005   
 3/13/12 6.10 18.8028 0.0010 0.0005   
 4/2/12 9.11 18.8028 0.0009 0.0005   
 5/12/12 6.10 18.8024 0.0020 0.0006   
 5/12/12 4.12 18.8023 0.0020 0.0006   
 5/14/12 4.12 18.8031 0.0011 0.0004   
 5/15/12 5.11 18.8026 0.0005 0.0003   
 5/16/12 5.11 18.8028 0.0009 0.0005   
 5/17/12 5.11 18.8033 0.0011 0.0005   
 5/17/12 5.12 18.8037 0.0011 0.0005   
 5/17/12 6.10 18.8028 0.0011 0.0005   
 5/17/12 5.11 18.8038 0.0011 0.0005   
 9/24/12 9.12 18.8026 0.0006 0.0006   
 9/25/12 9.12 18.8031 0.0010 0.0006   
 9/25/12 4.12 18.8027 0.0010 0.0006   
 9/25/12 9.12 18.8018 0.0010 0.0007   
 Mean  18.8029  0.0010  0.0010 
 GeoMean  18.8029     
        
207Pb/204Pb        
BCR-2 3/1/12 2.12 15.6238 0.0010 0.0005   
 3/1/12 2.12 15.6232 0.0010 0.0004   
 3/5/12 11.11 15.6241 0.0013 0.0004   
 3/5/12 2.12 15.6243 0.0013 0.0004   
 3/5/12 5.11 15.6239 0.0013 0.0005   
 3/5/12 12.09 15.6239 0.0013 0.0005   
 3/5/12 6.10 15.6240 0.0013 0.0005   
 
  267 
 
 3/12/12 3.11 15.6239 0.0013 0.0005   
 3/12/12 10.09 15.6239 0.0013 0.0004   
 3/12/12 12.09 15.6244 0.0013 0.0005   
 3/13/12 2.12 15.6243 0.0009 0.0004   
 3/13/12 6.10 15.6239 0.0009 0.0005   
 4/2/12 9.11 15.6239 0.0009 0.0005   
 5/12/12 6.10 15.6233 0.0019 0.0006   
 5/12/12 4.12 15.6233 0.0019 0.0005   
 5/14/12 4.12 15.6241 0.0011 0.0004   
 5/15/12 5.11 15.6236 0.0005 0.0003   
 5/16/12 5.11 15.6236 0.0008 0.0005   
 5/17/12 5.11 15.6241 0.0010 0.0005   
 5/17/12 5.12 15.6242 0.0010 0.0004   
 5/17/12 6.10 15.6239 0.0010 0.0004   
 5/17/12 5.11 15.6247 0.0010 0.0005   
 9/24/12 9.12 15.6236 0.0006 0.0006   
 9/25/12 9.12 15.6245 0.0010 0.0006   
 9/25/12 4.12 15.6240 0.0010 0.0006   
 9/25/12 9.12 15.6230 0.0010 0.0006   
 Mean  15.6239    0.0008 
 GeoMean  15.6239     
        
208Pb/204Pb        
BCR-2 3/1/12 2.12 38.8283 0.0026 0.0014   
 3/1/12 2.12 38.8267 0.0026 0.0012   
 3/5/12 11.11 38.8296 0.0034 0.0014   
 3/5/12 2.12 38.8291 0.0034 0.0010   
 3/5/12 5.11 38.8283 0.0034 0.0013   
 3/5/12 12.09 38.8287 0.0034 0.0014   
 3/5/12 6.10 38.8285 0.0034 0.0013   
 3/12/12 3.11 38.8279 0.0032 0.0014   
 3/12/12 10.09 38.8290 0.0032 0.0011   
 3/12/12 12.09 38.8313 0.0032 0.0013   
 3/13/12 2.12 38.8289 0.0024 0.0012   
 3/13/12 6.10 38.8290 0.0024 0.0013   
 4/2/12 9.11 38.8287 0.0027 0.0012   
 5/12/12 6.10 38.8275 0.0051 0.0016   
 5/12/12 4.12 38.8267 0.0051 0.0015   
 5/14/12 4.12 38.8290 0.0030 0.0010   
 5/15/12 5.11 38.8275 0.0013 0.0009   
 5/16/12 5.11 38.8278 0.0019 0.0013   
 5/17/12 5.11 38.8297 0.0029 0.0014   
 5/17/12 5.12 38.8307 0.0029 0.0013   
 5/17/12 6.10 38.8287 0.0029 0.0011   
 5/17/12 5.11 38.8311 0.0029 0.0014   
 9/24/12 9.12 38.8282 0.0016 0.0017   
 9/25/12 9.12 38.8302 0.0024 0.0016   
 9/25/12 4.12 38.8283 0.0024 0.0015   
 9/25/12 9.12 38.8269 0.0024 0.0019   
 Mean  38.8287    0.0025 
 GeoMean  38.8287     
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87Sr/86Sr values for BCR-2 currently reported on GeoREM (Max Planck Institute Geological 
Reference Material database) is between 0.704097 and 0.705175. Overall, there is a large range 
of 87Sr/86Sr values in the literature, but the median value is ~0.705010. The average Sr isotopic 
composition of this work (0.704992) is well within the range of published values, albeit toward 
the lower end of the reported spectrum. In fact, our average is slightly lower than the normalized 
values of the Weis et al. (2006) dataset (average = 0.705013±10, n = 13), which represents the 
most complete isotopic characterization of BCR-2. The difference in NIST SRM 987 values used 
between this study and Weis et al. (2006) was accounted for by renormalizing to the standard 
value used at LDEO (e.g., 0.710240 at LDEO vs. 0.710248 used by Weis et al. 2006). The 
renormalized Weis et al. (2006) 87Sr/86Sr value for BCR-2 is 0.705005. Thus, even after the 
renormalization, there is a slight offset of 0.000013 between the average BCR-2 measurements 
of the two laboratories. The offset lies just outside the error envelops of both measurements, 
indicating that the difference may be reproducible.  
B.2.2. Nd isotopic compositions 
The average 143Nd/144Nd value measured at LDEO for BCR-2 during this work was 
0.512637 (2 SD = 0.000013, n = 27, εNd = 0.13). Nd isotopic compositions for the multiple 
BCR-2 digestions and their internal errors are plotted in Figure B.1. The compiled range of 
143Nd/144Nd values for BCR-2 currently reported on GeoREM is between 0.512608 and 
0.512656. Our results not only fall within the center of the Nd isotopic range, but they agreed 
remarkably well with the reported normalized average value (0.512639±15, n = 10) of Weis et al. 
(2006), who analyzed 143Nd/144Nd ratios on the Nu Plasma MC-ICP-MS. Weis et al. (2006) 
normalized their BCR-2 Nd isotopic values to the La Jolla (reference value 143Nd/144Nd = 
0.511858) Nd standard whereas we normalized to the JNdi standard (143Nd/144Nd = 0.512115). In 
 

















Figure B.1: Individual 87Sr/86Sr, 143Nd/144Nd, and 176Hf/177Hf analyses of BCR-2 and La Jolla (143Nd/144Nd only). All blue diamonds 
represent measurements performed at LDEO during this study. Small black squares are re-normalized measurements from Weis et al. 
(2006, 2007). The dark blue and black lines reflect the average LDEO value and re-normalized Weis et al. (2006, 2007) 
measurements, respectively. The light blue and gray bands correspond to 2 SD (standard deviations) of LDEO and Weis et al. data.
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addition to measuring different digestions of BCR-2 during each Nd isotope measurement 
period, we also measured an aliquot of the La Jolla Nd standard. Our normalized average La 
Jolla value (0.511858, 2 SD = 0.000010, n = 33) is virtually the same as the average La Jolla 
value (0.511856±15, n=59) reported by Weis et al. (2006) within the level of uncertainty. 
Nevertheless, we renormalized the Weis et al. (2006) BCR-2 Nd isotopic compositions to our La 
Jolla value, and the average (0.512641±15) remained the same. The high level of precision and 
accuracy between these different laboratories provides strong and robust confidence in the 
analytical capabilities of different ICP-MS machines and the homogeneity of the BCR-2 standard 
powder. 
B.2.3. Hf isotopic compositions 
The average 176Hf/177Hf value of multiple BCR-2 digestions at LDEO was 0.282866 (2σ 
= 0.000011, n = 25, εHf = 2.86). This value falls near the center of range currently reported 
range on GeoREM, which is between 0.282830 and 0.282899. The LDEO average Hf isotope for 
BCR-2 also compares extremely well with the average value (0.282870±8, n = 10) of Weis et al. 
(2007). Note that the Hf isotopic compositions of Weis et al. (2007) were not renormalized 
because they used the same standard and normalizing value as we did in this study. 
As part of their experiments, Weis et al. (2007) separated different digested aliquots of 
BCR-2 powder using both Pyrex (borosilicate glass) and Teflon column tubing in order to 
determine any systematic differences. Element purification using the Pyrex columns yielded 
lower measurement precisions and less radiogenic Hf isotopic compositions than separations 
using Teflon columns. The average 176Hf/177Hf value of BCR-2 aliquots using the Pyrex tubing 
to separate Hf was 0.282835±16 compared to 0.282870±8 using the Teflon tubing. The improved 
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precisions and systematically higher Hf isotopic compositions of solutions purified with Teflon 
tubing columns were attributed to the inert properties of Teflon relative to Pyrex. 
B.2.4. Pb isotopic compositions 
Published Pb isotopic compositions of BCR-2 powders are highly variable and appear to 
be heterogeneous and/or contaminated during the reference material preparation and processing 
(Weis et al., 2006). The compiled range of currently reported values on GeoREM for BCR-2 is 
between 18.66-18.8046 for 206Pb/204Pb, 15.614-15.69 for 207Pb/204Pb, and 36.746-38.8349 for 
208Pb/204Pb. The average measured Pb isotopic values of BCR.2 at LDEO, which fall within the 
reported range but toward more radiogenic values for each of the Pb isotopic ratios, are 18.8029 
(2σ = 0.0010, 55 ppm, n = 26) for 206Pb/204Pb, 15.6239 (2σ = 0.0008, 52 ppm, n =26) for 
207Pb/204Pb, 38.8287 (2σ = 0.0025, 63 ppm, n =26) for 208Pb/204Pb (Fig. B.2). To investigate the 
issue of contamination, Weis et al. (2006) undertook sample powder leaching experiments. They 
found that the residues of BCR-2 powders after leaching had more radiogenic Pb isotopes and 
appeared much more homogeneous than their un-leached samples. Our results are consistent 
with their leached BCR-2 sample aliquots. These results indicate that there is significant Pb 
contamination of the BCR-2 powders that can only be minimized by sufficient leaching. 
B.3. Conclusions 
Measurements of Sr, Nd, Hf, and Pb isotopic compositions on replicate BCR.2 powder 
aliquots provide a robust and complete characterization of this standard reference material. The 
average Sr, Nd, and Hf isotopic values agree remarkably well with recent MC-ICP-MS 
measurements and indicate that the BCR-2 powders are reasonably homogeneous. The situation 
with Pb isotopes appears somewhat different. Whole rock leaching procedures are required to 
sufficiently remove contamination introduced by the preparation of this reference material. 
 
























Figure B.2: Individual 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb analyses of BCR-2. All blue 
diamonds represent measurements performed at LDEO during this study. Dark blue line reflects 
the average LDEO value and the light blue band corresponds to the 2 SD (standard deviation). 
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Appendix C  
Evidence of pyroxenite-rich sources in the SVZ mantle 
from high Ni olivines  
C.1. Introduction 
Detailed studies of olivine phenocrysts provide important clues on the petrogenesis of 
mafic parental magmas (Sobolev et al., 2005; Straub et al., 2008; Bryant et al., 2011; Straub et 
al., 2011). Since olivines are common phenocrysts in mafic volcanic rocks and are generally 
among the first products formed during crystallization, they can retain important geochemical 
information about mantle sources from which they are derived. In particular, so-called high Ni 
olivines, with high Ni at a given forsterite [Fo = molar ratio of Mg/(Mg+Fe2+)] content (Fo80-89), 
have garnered attention because their Ni contents are too high for olivines in equilibrium with 
partial melts from peridotite mantle. The strong partitioning of Ni into residual olivine buffers 
the Ni of partial peridotite melts (Beattie et al., 1991). Consequently, olivine crystallizing at 
shallow levels cannot have higher Ni or lower Fo than the residual mantle olivine. Because 
olivine fractionation rapidly depletes Ni in the melt, derivative liquids must crystallize olivines 
with lower Ni and Fo contents than the residual mantle olivine. Sobolev et al. (2005) posited that 
high Ni olivines in Hawaiian shield basalts were derived from a two-stage process where silicic 
eclogite melts (from entrained subducted basalt) rising with the hotspot plume converted 
surrounding peridotite to reaction pyroxenite, which then partially melted during decompression. 
Partial melts of reaction pyroxenites would crystallize high Ni olivine at shallow levels because 
these reaction pyroxenes contain most of the Ni inherited from the original olivines but have 
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much lower Ni partitioning coefficients than olivines. Therefore, the presence of high Ni olivines 
in mafic lavas has been suggested to indicate melting of pyroxenites in an olivine-free peridotite 
mantle.  
High Ni olivines have now been recently recognized in arc basalts and andesites of 
Mexico and Kamchatka (e.g., Straub et al., 2008; Bryant et al., 2011; Straub et al., 2011). Straub 
et al. (2008, 2011) found a wide range of Ni contents (~2200-5500 ppm) at Fo87 that exceeded 
nearly all MORB olivines at the same Fo content. They argued that high Ni olivines in Mexican 
Volcanic Belt (MVB) basalts and andesites were indicative of hybridized mantle sources 
containing peridotite and reaction-derived pyroxenite. Bryant et al. (2011) found similarly high 
Ni contents (~2000-4000 ppm) in Fo87 olivines of Kamchatka andesites and attributed their 
petrogenesis to interactions of partial melts of slab-derived eclogite or pyroxenite with mantle 
wedge peridotite. These studies suggest that silicic slab-derived melts or fluids infiltrate and 
react with surrounding peridotite to form pyroxene-rich reservoirs in the subarc mantle wedges 
of subduction zones globally.  
C.2. Results and Discussion 
Olivine grains from thin sections of several lavas representing the three different TSPC 
mantle-derived magma end-members (‘low HFSE,’ ‘high HFSE,’ and ‘prevalent TSPC mantle’) 
were analyzed by electron microprobe. Dungan et al. (unpublished) performed many of the 
olivine grain analyses on a 5-spectrometer Cameca SX-50 at the University of Lausanne. In 
addition, four samples (~10 olivine grains per thin section) were thoroughly investigated during 
this thesis work using the 5-spectrometer Cameca SX-100 electron microprobe at the American 
Museum of Natural History (AMNH). At the AMNH, Si and Mg were calibrated on Smithonian 
‘San Carlos olivine,’ Fe on Rockport Fayalite, and Ni on Ni-Diopside (5.06 wt% Ni). Olivines  
 
















Figure C.1: Forsterite (Fo) vs. Ni (ppm) contents of olivine phenocrysts analyzed in TSPC 
mantle-derived end-member lavas. Fo and Ni contents represent average core compositions of 
each olivine analyzed. TSPC lava groups are denoted by colored squares and PetDB MORB 
olivines are represented by small gray squares. The fields for melts in equilibrium with peridotite 
(green) and pyroxenite (yellow) are from Straub et al. (2008, 2011). The thick black lines 
delineate olivine fractionation trends, with the percentage of olivine loss in 1% increments given 
as small diamonds along the lines. Numbers at the starting point are the starting compositions of 
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were analyzed at an accelerating voltage of 15 KeV, a focused beam (~1-2 micrometer), 20nA 
and 100 nA beam currents with peak counting times of 30s for the major elements Si, Mg and 
Fe, and 120 s for Ni, similar to the analytical procedures of Straub et al. (2008, 2011). 
Measurements were performed along transects across the olivine grain. 
The average Fo and Ni contents of olivine cores from the three TSPC magma end-
members were established from the across-grain transects and plotted in Figure C.1 for each 
olivine phenocryst analyzed. Most olivine core Fo contents from TSPC ‘low HFSE’ and ‘high 
HFSE’ mantle-derived end-members were below Fo84, indicating that these olivines crystallized 
from derivative melts whose compositions are far removed from mantle parental melts. 
However, olivine cores from primitive ‘prevalent TSPC mantle’ lavas have > Fo85 that are close 
to mantle derived melts. Nearly all of the TSPC olivine grains with Fo80-88 were enriched in Ni 
contents compared to the broad MORB field (Fig. C.1). Furthermore, the olivine core Ni 
contents in ‘prevalent TSPC mantle’ lavas were between ~2000-3000 ppm, which qualify them 
as high Ni olivines and appear inconsistent with peridotite melting models.  
In order to determine whether TSPC olivines were derived from peridotite or pyroxenite 
melting, we compared our results with the melting models of Straub et al. (2008, 2011). They 
modeled major element compositions of melt fields (shown in Fig. C.1) in equilibrium with 
peridotite and pyroxenite using an adiabatic decompression melting model (Langmuir et al., 
1992), and extended it to calculate Ni contents in melts and residual peridotite. Unlike MORB 
olivines that overlap with the peridotite melt field, ‘prevalent TSPC mantle’ olivines trend 
toward a hybrid peridotite-pyroxenite melt region, similar to the Mexican olivines. Since the 
‘prevalent TSPC mantle’ olivines follow an olivine fractionation trend, it is conceivable that 
fractional crystallization has decreased the observed Ni contents by at least ~100-200 ppm. This 
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data suggests that partial melting of a hybridized pyroxenite-peridotite source lithology in the 
subarc mantle wedge generates the ‘prevalent TSPC mantle’ magmas at the TSPC, and perhaps 
elsewhere in the Andean SVZ. The implication is that ‘reaction pyroxenites’ may be a common 
or even ubiquitous feature of the subarc mantle within subduction zones because of mantle 
metasomatism due to the release of fluids derived from dehydration or melting of subducted 
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Appendix D  
Aspects of crustal contamination in UPSPS magmas  
D.1. Introduction 
Deciphering mantle-derived sources and elucidating processes by which arc magmas 
evolve en route to the surface are formidable challenges at many arc volcanoes, especially those 
overlying continental crust where open-system processes may play a role in modifying magma 
compositions. These crustal sources and processes impart geochemical signatures that can have a 
profound effect on the petrology and geochemical compositions of arc magmas, whereby the 
original source signals can be disguised or obliterated. Identifying crustal contaminants is an 
important aspect of this quest because of the need to understand sub-volcanic conduits and 
plumbing architectures, as well as the interactions between magma evolution and plutonic roots 
of the arc complex. High-density sampling and stratigraphic reconstructions of volcanic 
sequences provide a robust basis for evaluating the origin and evolution of arc magmas (e.g., 
Dungan et al., 2001). 
The occurrence of evolved lavas at continental arc settings that show clear signs of open 
system processes, combined with the rarity of high Mg# magmas (> 65, Kelemen et al., 2003a), 
provide strong evidence that mantle-derived melts undergo significant crustal processing on their 
ascent through lithologically heterogeneous continental crust (e.g., Davidson et al., 1987; 
Davidson et al., 1988; Hildreth and Moorbath 1988). Evolved calc-alkaline lavas often exhibit 
complex petrographic features such as multiple crystal populations, xenolith and xenocryst 
entrainment, and complicated mineral zonation patterns (e.g., Andersen 1976; Eichelberger 
1978; Dungan et al., 2001; Humphreys et al., 2006; Reubi and Blundy 2008). These 
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characteristics imply that the mantle-derived melts undergo a variety of open magmatic 
processes, including wall rock interactions (e.g., stoping, dike propagation) and magma mixing 
(injection of fresh pulses of magma and interactions with crystal-mush zones), as they pass 
through lithologically diverse crust and stall at various subvolcanic depths en route to the surface 
(e.g., Wilcox 1954; Patchett 1980; Hildreth and Moorbath 1988; Tepley et al., 2000; Dungan and 
Davidson 2004; Dungan 2005).  
 Shallow felsic rocks may be most easily recognized crustal contaminant in arc magmas, 
but assimilation of mafic-ultramafic rocks is may be another important but underappreciated 
process that alters primary magma compositions (e.g., Arculus et al., 1983; Conrad et al., 1983; 
Conrad and Kay 1984; Kelemen 1986). Although it has recently been argued on the basis of U-
series disequilibria that cannibalization of plutonic roots may be a pervasive phenomenon under 
continental arcs (e.g., Jicha et al., 2007; Reubi et al., 2011), this process is difficult to recognize 
when basaltic melts interact with young mafic cumulates with similar radiogenic isotopes to the 
original magma, such that the isotopes can then not be used to monitor for the effects of crustal 
contamination.  
Lavas of the basaltic (49.95-52.23 wt.% SiO2) Upper Placeta San Pedro Sequence 
(UPSPS) from the Tatara-San Pedro Complex (TSPC) in the Southern Volcanic Zone (SVZ) of 
the Chilean Andes provide a case where assimilative recycling of deep mafic plutonic roots is 
well-documented (Dungan and Davidson 2004). Field observations, paleo-magnetic data, and 
40Ar/39Ar dates indicate that the UPSPS lavas represent a rapid, large volume volcanic episode 
during the deglaciation directly following Marine Isotope Stage 8 (Singer et al., 1997; Dungan et 
al., 2001; Dungan et al., 2007), which ended at ~235-240 ka (Lisiecki and Raymo 2005). All but 
a few of these magmas carried voluminous xenocrystic cargoes consisting primarily of single 
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crystals and intergrowths of plutonic-textured olivine, spinel, clinopyroxene, and plagioclase 
(Dungan et al., 2001; Dungan and Davidson 2004; Costa and Dungan 2005; Dungan et al., 
2007). The partially melted and disaggregated crystalline cargo (mainly xenocrysts and 
microxenoliths) strongly indicates the role of upper crustal assimilation of sub-solidus mafic-
ultramafic cumulates. 
D.2. Petrography 
 All UPSPS lavas contain small olivine and plagioclase phenocrysts, and most contain ~5-
20 vol.% of coarse xenocrystic fragments of olivine, clinopyroxene, and plagioclase. Spinel 
ranging from aluminous chromite to magnetite occurs as inclusions in olivine grains (Dungan et 
al., 2001; Dungan and Davidson 2004; Costa and Dungan 2005; Dungan et al., 2007). Many 
xenocrysts exhibit healed micro-fractures that are indicative of sub-solidus deformation in 
solidified cumulates rather than crystal mush (Dungan et al., 2007). Some olivines contain 
orthopyroxene reaction products plus variably Fe-rich intermediate-An plagioclase in irregular 
embayments, and in a few cases such embayments contain F-rich phlogopite in the presence of 
polygonal voids. The latter are noteworthy in that almost all our samples are from massive, non-
vesicular flow interiors. These variable non-cotectic proportions are additional evidence that 
these mineral clusters are not simple phenocrysts. Clinopyroxene is minor to absent in 
xenocrystic clusters modally dominated by olivine. A second modally important xenocryst 
assemblage consists of rounded clusters of clinopyroxene grains generally hosting inclusions of 
plagioclase, olivine, and magnetite-rich spinel. These often have aluminous cores (up to 6 wt. % 
Al2O3) overgrown by low-Al rims. While some flows are dominated by olivine xenocrysts 
derived from troctolitic cumulates, others have a higher proportion of clinopyroxene and are 
derived from clinopyroxenitic cumulates. Although the near lack of large coherent xenoliths 
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(nothing observed >1 cm) makes it difficult to assess whether or not this seemingly bimodal 
xenocryst population reflects a bimodal xenolith population of assimilated troctolitic and 
clinopyroxenitic lithologies, we suspect it might. 
Xenolith suites consisting of troctolites and olivine gabbros are observed in other TSPC 
lava sequences. A late Holocene dacitic lava flow on San Pedro carried thousands of modally 
and compositionally diverse xenoliths ranging from ultramafic olivine-rich cumulates to gabbros, 
troctolitic and noritic gabbros and anorthosites, to diorites and granites (Costa et al., 2002; Costa 
and Singer 2002). Many of these contain amphibole and F-poor phlogopite in reaction 
relationships with olivine. The highly irregular morphologies of olivines in such xenoliths 
resemble the embayed olivine xenocrysts in UPSPS lavas, but large clinopyroxene grains that are 
closely analogous to those in the UPSPS lavas are rare in the San Pedro xenolith suite. Dungan 
and Davidson (2004) called upon cryptic additions of incompatible elements to UPSPS lavas by 
incomplete melting of hydrous-mineral-bearing intercumulus reaction products similar to those 
observed in the San Pedro xenoliths (Costa 2000; Costa et al., 2002; Costa and Dungan 2005). 
The mechanism of xenolith entrainment in UPSPS lavas is likely similar to that which occurs in 
Volcan San Pedro lavas (Dungan et al., 2001; Costa et al., 2002; Dungan and Davidson 2004).  
Embayments and intergrain channels within UPSPS xenocrysts are filled with Mg- and 
alkali-rich assemblages considerably different than the basaltic groundmass. These pockets and 
channels appear to have crystallized from trapped grain-boundary melts, reflecting xenolith 
disaggregation during assimilation (Dungan and Davidson 2004; Dungan et al., 2007). Olivine 
xenocrysts contain forsterite (Fo) contents that are relatively high in the cores (Fo79-84) and 
decrease toward the crystal rims (Fo68-72), which are in contact with the basaltic groundmass 
(Costa and Dungan 2005). UPSPS parental magmas (Table D.1; samples QTW11.35, QTW11.36 
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Table D.1: Distinguishing properties (petrographic and geochemical) of the parent magmas 
compared to the rest of UPSPS samples. These criteria were utilized to identify the parent 
magmas of the UPSPS basaltic suite. Parent magmas of each stratigraphic are not distinguished 
in this table. 
 
 
Parent Magmas Samples Distinguishing properties 
L-UPSPS QTW11.35 QTW11.36 
U-UPSPS ESPN.8 
- Lack of xenocrystic material 
- Lowest K2O and highest CaO contents  
- Lowest more-incompatible element abundances 
- Most depleted normalized trace element patterns 
- Lowest Rb/Y and La/Yb ratios 
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Unit Petrographic characteristics  Geochemical characteristics 
L-UPSPS 
- large embayed olivine grains with 
plagioclase inclusions 
- lack of augite 
- lack of spinel zonations 
- lower Fo contents of xenocrystic 
olivine cores 
- ‘long’ residence times of olivine 
xenocrysts 
- higher 87Sr/86Sr values  
(0.70405-0.70411) 
- higher Al2O3/TiO2 and lower 
K2O/TiO2 ratios 
- greater depletions in more-
incompatible to more-compatible 
elements 
U-UPSPS 
- large aggregates of augite with 
zoned plagioclase and olivine 
- presence of phlogopite and void 
spaces 
- highly variable spinel zonations 
- higher Fo contents of xenocrystic 
olivine cores 
- ‘short’ residence times of olivine 
xenocrysts 
- lower 87Sr/86Sr values  
(0.70382-0.70395) 
- higher εNd and εHf values 
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and ESPN.8), which are assumed to best represent the liquid compositions least impacted by 
assimilation of mafic cumulates, contain olivine phenocrysts with Fo80-82, which are on average 
more evolved than the olivine xenocrysts (Dungan and Davidson 2004). These observations are 
similarly inconsistent with crystallization from the host magma and provide further evidence of 
partial assimilation of cumulate xenoliths. 
D.3. Stratigraphic unit details 
The inferred eruptive order of the lower (L-) and upper (U-) UPSPS lavas, as defined by 
Sr isotope compositions (refer to Table D.2 and Chapter 4 for further details), is consistent with 
undulations in the underlying erosion surface. The only thick section of the L-UPSPS occurs 
near the northern exposed extent of UPSPS lavas (Fig. 1.5) in distal Quebrada Turbia at the 
QTW11 section (QTW11.26-38), which fills in a large depression that was generated when the 
underlying Middle Estero Molino Sequence was cut out by erosion (Fig. D.1). The lower ten 
flows of this section, which contain high 87Sr/86Sr values of the L-UPSPS, overlie thick andesitic 
lavas of the Lower Placeta San Pedro Sequence. There are only three L-UPSPS flows (ESPN.6, 
LV.16-17, QCNE.11-13) in sampled sections to the west and south of QTW11 (i.e., QTW10, 
QCSE). The relatively thick section in medial Quebrada Turbia (QTW10.29-48), which is 
located between Quebrada Castillo and the QTW11 section, lies on a paleo-topographic high 
between paleo-depressions and it lacks L-UPSPS lavas. 
When trace element abundances of L-UPSPS and U-UPSPS magmas are normalized to 
their respective parent magmas (Fig. D.2, Cs and Ta are excluded), several interesting aspects of 
the two stratigraphic units emerge. Nearly all evolved UPSPS magmas are enriched in trace 
elements relative to the parent magma. These incompatible trace element enrichments are 
attributed to the mafic-ultramafic cumulate assimilation. Furthermore, the majority of trace
 

















Figure D.1: a) Photograph (courtesy of Mike Dungan) and b) photogrammetric projection of the 
west wall of Quebrada Turbia from Figure 9 in Dungan et al. (2001), modified from Singer et al. 
(1997). Quebrada Turbia runs from the Volcan Tatara edifice to the north away from the 
complex. The UPSPS forms an aerially significant plateau in the northern quadrant of the TSPC 
























Figure D.2: Trace element patterns of UPSPS magmas normalized to the UPSPS respective 
parent magma compositions (ESPN.6 for L-UPSPS and QTW11.35 for U-UPSPS). Cs was not 
plotted because it is highly variable and is enriched in some magmas up to a factor of ~7-8x. The 
majority of UPSPS magmas differ from their respective parent magmas by a factor of ~1.2-1.5x 
for most of the incompatible elements. The U-UPSPS magmas are enriched by ~2-3x for the U-
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elements are similarly enriched in evolved magmas in each unit compared to their respective 
parent despite the difference in mantle sources tapped by subsequent UPSPS magmatic phases. 
However, evolved U-UPSPS magmas have considerably higher Rb, U, Th, and Pb abundances 
than the evolved L-UPSPS magmas (Fig. D.2). The highest U-Th and Pb abundances in the U-
UPSPS magmas are ~40-60% higher than the highest L-UPSPS magmas. The difference in 
enrichments of these elements between the evolved magmas of the two stratigraphic units is 
possibly either a consequence of differences in the degree of partial assimilation or the different 
cumulate lithologies in the arc crust. 
A series of chemo-stratigraphic columns in Figure D.3 illustrate the distinctions between 
the stratigraphic units as well as the chemical evolution of UPSPS magmas. In general, the L-
UPSPS magmas show greater depletions in the more-incompatible to less-incompatible 
elements, such as U/La, Th/La, and Th/Yb ratios. The observation that U/La and Th/La follow 
the same pattern of LILE/LREE depletion in the L-UPSPS strongly indicates that the analyses 
are accurate. L-UPSPS magmas also have greater depletions in Zr and Hf compared to the 
middle REE (as shown by higher Sm/Hf in Fig. D.3). Distinctions in major elements, in addition 
to isotopes and trace elements, lend credence to the stratigraphic separation of UPSPS magmas 
into two units. The L-UPSPS magmas have broadly higher Al2O3/TiO2 and lower K2O/TiO2 
ratios than the U-UPSPS magmas, consistent with more-incompatible trace element depletions. 
However, there is not a significant evolution in the ratio of fluid mobile/immobile elements (e.g., 
Sr/Nd). The constancy of LREE/HREE ratios (e.g., Nd/Yb) in both units indicates that there are 
no differences in the impact of garnet fractionation and no clear distinctions between the depths 
of magma evolution of the two stratigraphic units.  
D.4. UPSPS magma evolution 
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Figure D.3: Series of chemo-stratigraphy columns where the UPSPS lava flows have been placed 
in a numerical stratigraphic order (from oldest to youngest vertically upward) according to Sr 
isotopic compositions and field observations, as described in the text. The stratigraphic columns 
illuminate which trace element and isotopic compositions are similar between units and which 
are divergent. The parent magmas of both UPSPS stratigraphic units have very similar major and 
trace element compositions but have distinct isotopic values. The upward stratigraphy tenuously 
indicates that the UPSPS system becomes more homogeneous over time. 
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Dungan and coworkers previously explored a variety of geochemical processes including 
fractional crystallization (FC), upper crustal assimilation-fractional crystallization (AFC), and 
magma mixing in order to explain the major and trace element evolution of UPSPS magmas. The 
UPSPS magmas appear to follow vague crystallization ‘paths’ along which olivine and 
plagioclase fractionate, but FC models over a range of melt conditions that reproduce major 
element contents fail to explain the high and variable more-incompatible element enrichments 
(e.g., Rb, Th, Nb) in evolved magmas (higher SiO2) compared to the parent magmas (Dungan 
and Davidson 2004). Fractional crystallization also fails to address the similarity in Sr and Ni 
abundances between parent and evolved magmas as well as the higher MgO and lower Al2O3 
contents in some UPSPS magmas that are not that much more evolved than the parent magmas 
(Dungan and Davidson 2004; Dungan et al., 2007).  
Assimilation of upper crustal lithologies may provide some explanation for the 
incompatible element enrichments in evolved magmas. UPSPS magmas follow a trend toward 
higher Rb/Y from parents to more evolved compositions, with little change in Nb/Y (Fig. D.4). 
The threefold increase in Rb/Y (versus ~35% increase in Nb/Y) in UPSPS magmas requires 
input of a high Rb/Y component to the magma system and may be indicative of crustal 
contamination rather than fractional crystallization. We applied simple quantitative AFC models 
(DePaolo 1981), starting with UPSPS parental magmas, to determine whether the increased 
Rb/Y was consistent with crustal assimilation. Assuming a granitoid contaminant, from the Cerro 
Risco Bayo Pluton (Nelson et al., 1999), with different assimilation/crystallization rates (r=0, 
0.9; Fig. D.4), the UPSPS magmas were best fit by a high assimilation/crystallization rate (r = 
0.9). In this case, because a highly evolved granitoid (Rb/Y~15) was assimilated, the UPSPS 
magma evolution was reproduced with < 1% crystallization. Petrographic characteristics and
 
















Figure D.4: Rb/Y vs Nb/Y. Using the AFC model from DePaolo 1981 (eq. 6a), a crustal 
contamination and crystallization pathway is illustrated. A UPSPS parent magma (QTW11.36) is 
contaminated by a nearby Huemul granitoid (SPP9232: Rb/Y= 14.8, Nb/Y = 0.62). The AFC 
models assume crystallization of 40% ol, 7% cpx, 2% spl, and 51% plag. Bulk partition 
coefficients are calculated from the compilation in Claeson and Meurer, 2004. X refers to the 
fraction of liquid crystallized and r is the ratio of assimilation rate to crystallization rate. Black 
line shows a high rate of assimilation (r = 0.9) of the Huemul granitoid. Simple fractional 
crystallization produces almost negligible increases in Rb/Y and Nb/Y for this crystallizing 
mineral assemblage. Model shows that the increase in Rb/Y content in UPSPS magmas can be 
attributed to crustal contamination by a high Rb/Y component. In general, the U-UPSPS magmas 
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isotopic compositions in evolved UPSPS magmas are, however, inconsistent with assimilation of 
felsic contaminants. The simple AFC models presented in Figure D.4 are only meant to illustrate 
that UPSPS magma evolution may be consistent with AFC processes. In reality, the assimilated 
cumulates probably had lower more-incompatible element abundances, but the cumulate 
compositions are currently unknown. Furthermore, multiple models with multiple contaminants 
are required to coherently explain all of the major and trace element systematics found in the 
evolved UPSPS magmas (Dungan and Davidson 2004; Dungan et al., 2007).  
Multi-component magma mixing processes were also invoked to help explain UPSPS 
magma evolution. However, Dungan et al. (2001, 2007) concluded that even a combination of 
mixing parent magmas with various end-members failed to reproduce the variety of geochemical 
compositions found in the UPSPS magmas. These models and observations imply that UPSPS 
magma evolution was most likely the consequence of a combination of processes including 
magma mixing and partial assimilation / fractional crystallization of heterogeneous TSPC 
plutonic roots, which serve as the culprits for incompatible element enrichments.   
D.5. Partial assimilation of mafic-ultramafic cumulates 
Based on the presence of abundant xenocrystic crystalline cargo and the arguments 
above, Dungan and Davidson (2004) argued that UPSPS magmas partially assimilated cumulate 
lithologies in the sub-volcanic crust beneath TSPC through grain boundary melting and xenolith 
disaggregation analogous to cumulate entrainment in Volcan San Pedro magmas (Costa 2000; 
Costa et al., 2002). The geochemical consequences of partial assimilation of these plutonic roots 
are the enrichments in alkali and incompatible elements relative to the host magmas, which 
inevitably overprint the primary mantle-derived trace element signatures with limited affects on 
isotopic compositions. Dungan et al. (2001) noted that the UPSPS suite contained xenocrysts 
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originating from two different cumulate lithologies, namely troctolitic and clinopyroxenitic. 
These earlier studies did not recognize any groupings of similar xenocrystic material within the 
sequence, in part because the differences between stratigraphic units had not yet been 
distinguished. Tenuous field observations and detailed electron microprobe examinations of 
UPSPS lavas suggest, however, that there may be a link between the two stratigraphic units and 
the different cumulate lithologies that were assimilated in each unit.  
Petrographic evidence indicates that L-UPSPS magmas appear to have assimilated 
troctolitic cumulates while the U-UPSPS magmas seem to have assimilated clinopyroxenitic 
cumulates. This observation comes with the major caveat that the basis for the L-UPSPS 
interpretations are from a single lava flow (03UPBL.1) that was extensively studied whereas 
most of the petrographic work was performed on U-UPSPS lavas. The studied L-UPSPS lava 
contains large embayed olivine xenocrysts with small plagioclase inclusions, but lack the 
presence of augite grains. In general, clinopyroxene was not observed in any of the lower 
stratigraphic lavas (field observations). Polygonal voids, which reflect vapor exsolution of 
residual melt within melt channels or pockets in the xenocrysts, and hydrous phases such as 
phlogopite are conspicuously absent in the L-UPSPS lavas. Diffusion modeled residence times 
(timescales of the magmatic assimilation process) of olivine xenocrysts in the L-UPSPS lava are 
typically on timescales of ~5-10 years, which are relatively long compared to residence times of 
xenocrysts in U-UPSPS lavas (Costa and Dungan 2005). Re-equilibration of channel melts and 
the lack of zonation in spinel inclusions in olivine xenocrysts further corroborates ‘long’ 
residence times of xenocrysts in the L-UPSPS lava prior to eruption. The xenocrystic mineral 
assemblage derived from troctolitic cumulates imply shallow intrusion depths (<3 kb) and low 
water contents (Dungan et al., 2007).  
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The U-UPSPS lavas, on the other hand, contain large aggregates of augite with zoned 
plagioclase and resorbed olivine inclusions, as well as abundant F-rich phlogopite and polygonal 
void spaces in former melt channels. The presence of phlogopite (inconsistent with fractional 
crystallization from the host magma) and void spaces in olivine xenocrysts is indicative of 
interactions of host magma with hydrous mineral bearing cumulates (Dungan et al., 2007). 
Diffusion profiles in these olivine xenocrysts exhibit flat Fo plateaus in olivine cores and suggest 
that residence times of xenocrystic olivine grains in U-UPSPS magmas were typically very short 
(< 5 years) (Costa and Dungan 2005). Olivine xenocrysts in U-UPSPS magmas with short 
residence times preserve crystallization products of trapped grain-boundary melts and display 
highly variable spinel inclusion zonation patterns (Dungan et al., 2007). Xenocrystic olivines in 
U-UPSPS magmas also have higher Fo contents (~Fo83) than olivines in L-UPSPS magmas 
(~Fo79). These observations suggest that L-UPSPS magmas interacted with anhydrous troctolitic 
cumulates over a relatively longer timescale before eruption while U-UPSPS magmas partially 
assimilated hydrous clinopyroxenitic cumulates. Enrichments in alkali elements in U-UPSPS 
magmas compared to L-UPSPS magmas may also be a reflection of partial assimilation 
(blending of grain boundary melts) of a hydrous-bearing cumulate package having ‘low HFSE’ 
magma-like compositions.  
The xenocrystic cargo of UPSPS magmas lead us to envisage an assimilative process of 
plutonic roots beneath TSPC whereby mantle derived melts intruded and interacted with a 
cumulus pile of stacked sill-like bodies similar to the igneous complex at Onion Valley (Sisson 
et al., 1996; Dungan et al., 2001; Costa et al., 2002; Dungan et al., 2007). The pre-assimilated 
cumulate package with which the UPSPS magmas interacted appears to have also experienced 
open system magmatic histories. Observed melt channels in UPSPS olivine xenocrysts are 
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similar to those found in San Pedro xenoliths in that they may reflect olivine dissolution and 
interstitial growth of feldspar, amphibole, mica, orthopyroxene, and spinel produced by previous 
melt-rock reactions between the mafic-ultramafic cumulate bodies and evolved melts (Costa et 
al., 2002). The two different UPSPS magmas that formed the upper and lower stratigraphic units 
probably intruded different depths and therefore interacted with different lithologies within the 
cumulate complex. 
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Appendix E  
Evidence for multiple source components from subtle 
isotopic variations at Volcan Llaima, SVZ 
 
E.1. Introduction 
The broad compositional variability in the Southern Volcanic Zone (SVZ) of the Chilean 
Andes has been established by several decades of along- and across-arc geochemical studies 
(e.g., Lopez-Escobar et al., 1977; Deruelle 1982; Harmon et al., 1984; Hickey et al., 1986; Futa 
and Stern 1988; Hildreth and Moorbath 1988; McMillan et al., 1989; Tormey et al., 1991; 
Tormey et al., 1995; Deruelle and Lopez-Escobar 1999; Sruoga et al., 2005; Rodriguez et al., 
2007). These investigations have sought to address fundamental issues concerning continental 
arc magmatism, such as the contributions and interactions between mantle and crustal reservoirs 
and the role of varying geophysical and geological parameters. Surprisingly, a general consensus 
on the relative importance of sources and processes operating in the SVZ has yet to emerge.  The 
variable input of crustal component signatures to SVZ magmas, either via deep crustal 
assimilation (Hildreth and Moorbath 1988) or subduction erosion (Stern 1991a), has become a 
particularly controversial issue because of the difficulty in distinguishing between these two 
processes. Seeking out SVZ volcanoes less impacted by these crustal contributions may provide 
a more robust evaluation of the mantle sources contributing to SVZ magmatism. 
Detailed studies at individual arc volcanoes are especially important because they can 
provide information about geochemical variations over varying spatial and temporal scales, 
 
  296 
 
useful for interpreting regional along-arc trends. Dungan and coworkers have conducted high-
density sampling efforts, along with extensive stratigraphic and petrological reconnaissance, at 
both the long-lived Tatara-San Pedro Complex (TSPC at 36°S) and Holocene Volcan Llaima 
(38.7°S). While the TSPC is located on relatively thicker-slightly older crust, both volcanoes are 
south of the area of major crustal contributions (e.g., Hickey et al., 1986; Hildreth and Moorbath 
1988). Since Jweda et al. (in prep.-magma types) demonstrated that the geochemical variability 
at the TSPC clearly records mantle-derived signatures despite the impact of open system 
processes, it is reasonable to assume that mantle signals should also be preserved at Llaima. 
Comparing mafic magmas from these two well-characterized volcanoes, located at crucial 
locations in the SVZ, can illuminate the differences in mantle wedge compositions and 
petrogenetic processes operating along the arc. 
E.2. Geological background 
Volcan Llaima, a predominately Holocene basaltic to basaltic andesitic stratovolcano, is 
located at 38.7°S in the Andean SVZ within Conguillio National Park of the Araucania Region, 
about 80 km ENE of the city of Temuco. Volcanism occurs along splays of the large N-S 
trending Liquine-Ofqui Fault Zone (LOFZ), which is likely a dominant controlling factor for the 
locations of volcanic activity throughout the southern SVZ. Llaima is underlain by ~35-40 km 
thick continental crust (Tassara 2005a; Tassara et al., 2006) composed of Tertiary and Paleozoic 
intrusive rocks (Lucassen et al., 2004). The Llaima complex consists of two main historically 
active craters (at the main summit and at Pichillaima) and several smaller fissural cones. It is one 
of the most active volcanoes in Chile, with small eruptions statistically every ~6 years (Dzierma 
and Wehrmann 2010) and major eruptions every 30-140 years (Naranjo and Moreno 2005). At 
least ~50 historical eruptions have been recorded since ~1640 AD.  
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Volcanic activity at the Llaima complex can be categorized into three stages (Naranjo 
and Moreno 2005). The pre-Holocene stage, considered here as ‘pre-Llaima,’ consisted of 
effusive basaltic-dacitic cone building volcanism that lasted an undetermined amount of time. A 
switch to explosive volcanism occurred at ~13.3 ky B.P. when the large mafic caldera-forming 
Curacautin Ignimbrite was erupted. This explosive behavior terminated after a 9.5 ky B.P. dacitic 
Plinian eruption. The most recent stage of volcanism, including historical volcanic activity, has 
been comprised of basaltic to basaltic andesitic effusive or Strombolian cone forming events 
accompanied by quiescent degassing (Dzierma and Wehrmann 2010). There are six preserved 
major eruptions from ~1640 to 1957 C.E. that constitute the most recent and most voluminous 
historical volcanic activity. Frequent smaller eruptive events, such as the recent 2007-2009 
violent Strombolian episode, are recorded but not well preserved. High denudation rates at the 
edifice probably obliterate relatively small tephra and lava deposits. Recent investigations 
suggest that explosive Strombolian eruptions are triggered by recharge and mixing of relatively 
hot, undegassed magmas in shallow storage crystal mush zones beneath Llaima (Bouvet de 
Maisonneuve et al., 2012; Bouvet de Maisonneuve et al., 2013).   
E.3. Results 
Major elements for Llaima whole-rock samples were determined by XRF on a Phillips 
PW 2400 spectrometer equipped with a rhodium tube at the University of Lausanne 
(Switzerland) following standard XRF procedures (Pfeifer et al., 1991). High precision trace 
element concentrations were determined using a Thermo X-Series quadrupole ICP-MS at 
Harvard University (Bezos et al., 2009). Major and trace element abundances are not reported 
here because Dungan and coworkers are preparing them for publication. All Llaima Sr-Nd-Pb-Hf 
isotopic compositions were measured at LDEO. Sr isotopes were measured on the VG Elemental
 









































Figure E.1: Primitive mantle normalized (McDonough and Sun 1995) trace element patterns. a) 
All Llaima lavas plotted with TSPC mantle-derived end-member magmas. Llaima magmas have 
very similar LREE and HFSE abundances as ‘prevalent TSPC mantle’ and ‘TE enriched’ 
magmas at the TSPC. The relatively flat MREE to HREE patterns are the most distinct aspect of 
Llaima magmas compared to those of the TSPC. b) End-members of the three isotopically 
distinguishable Llaima magma groups. 
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Sector 54-30 TIMS, and Nd-Pb-Hf isotopic ratios were measured on the Thermo-Fisher Neptune 
Plus MC-ICP-MS. 
E.3.1. Major and trace elements 
The complete range in Llaima eruptive output, from pre-Llaima (before 13.3 ky B.P. 
caldera collapse) to the most recent lava flows (2008-2009), consists of basalts to dacites (~51-
69 wt. % SiO2, ~6.5-0.5 wt. % MgO) with most of the SiO2-rich eruptive products concentrated 
in the explosive volcanic stage prior to 9.5 ky B.P. Holocene Llaima lavas, on the other hand, 
have a narrower range in compositions from basalts to basaltic andesites (~51-60 wt. % SiO2, 
~2.0-6.5 wt. % MgO). Llaima magmas show decreases in MgO, CaO, and Al2O3 while K2O and 
Na2O increase with increases in SiO2, which is consistent with fractionation of plagioclase, 
olivine, pyroxene, and spinel (Reubi et al., 2011). Major elements in Llaima magmas typically 
overlap with the mafic TSPC magma suite, but are not as enriched in MgO, FeO*, and CaO as 
TSPC mafic end-member magmas. None of the Llaima magmas reach Mg#’s > 57 whereas 
TSPC end-members extend up to Mg# = 69. In general, sampled Llaima magmas do not record 
as wide a range in compositions as do the TSPC magmas but also represent only ~1% of the time 
preserved at the TSPC. 
Primitive mantle-normalized trace element patterns of Llaima magmas are typical of 
calc-alkaline arc magmas globally, with enrichments in the fluid-mobile trace elements 
(especially Ba, U, Sr and Pb) and low HFSE compared to LREE (Fig. E.1). The range in trace 
element enrichments in Llaima magmas is very similar to that at the TSPC, but Llaima MREE 
patterns are relatively flat compared to most TSPC magmas. This is evident by low Dy/Yb 
values (~1.65) in Llaima magmas, similar to Pacific MORB (~1.55), compared to TSPC magmas 
(~1.90). Although Llaima trace element compositions are similar to other SVZ magmas, they are
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Table E.1: Sr-Nd-Pb-Hf isotopic data for Volcan Llaima lavas. Historic eruptions are noted.   
Sample Eruption 87Sr/86Sr 143Nd/144Nd 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 176Hf/177Hf 
DSLL9.3 2009 0.703959 0.512878 18.5700 15.6026 38.4719 0.283061 
LL07.61 1957 0.703959 0.512881 18.5737 15.5993 38.4671 0.283078 
LL07.95 1903 0.703983 0.512875 18.5759 15.6037 38.4815 0.283063 
LL07.74c 1852 0.703976 0.512874 18.5765 15.6038 38.4809 0.283079 
LL07.76 1852 0.703968 0.512875 18.5757 15.6032 38.4786 0.283071 
8LM.208 1780 0.703943 0.512884 18.5754 15.6023 38.4752 0.283059 
LL07.33 1780 0.703962 0.512891 18.5768 15.6030 38.4793 0.283059 
LL07.31 1640 0.703953 0.512892 18.5756 15.6030 38.4789 0.283069 
8LM.385 1640 0.703965 0.512878 18.5749 15.6030 38.4794 0.283067 
8LM.253 1640 0.703949 0.512874 18.5737 15.6017 38.4745 0.283066 
8LM.248 1640 0.703984 0.512872 18.5740 15.6019 38.4764 0.283064 
LL07.44 Fissure 2 0.703940 0.512886 18.5745 15.6024 38.4768 0.283062 
8LM.451 Fissure 2 0.703982 0.512879 18.5753 15.6029 38.4786 0.283056 
8LM.515 Fissure 1 0.703965 0.512883 18.5790 15.6042 38.4844 0.283069 
8LM.386 Fissure 1 0.703971 0.512872 18.5735 15.6016 38.4734 0.283077 
TGL9.8 Cone forming 0.704026 0.512870 18.5855 15.6045 38.4932 0.283060 
LL07.86 Cone forming 0.704002 0.512867 18.5888 15.6053 38.4959 0.283062 
BDM7.16L White Plinian 0.703984 0.512886 18.5753 15.6019 38.4760 0.283068 
BDM7.20B Trufeltrufel 0.703975 0.512870 18.5726 15.6028 38.4744 0.283069 
8LM.213 Pre-Llaima 0.703965 0.512889    0.283071 
LL07.70E Pre-Llaima 0.703964 0.512916 18.5755 15.6036 38.4794 0.283082 
LL07.70D Pre-Llaima 0.703979 0.512916 18.5761 15.6023 38.4786 0.283083 
8LM.217 Pre-Llaima 0.703948 0.512883 18.5748 15.6019 38.4753 0.283060 
LL07.64 Pre-Llaima 0.703963 0.512881 18.5700 15.5996 38.4639 0.283061 
8LM.282 Pre-Llaima 0.703946 0.512872 18.5791 15.6031 38.4801 0.283055 
LL07.66 Pre-Llaima 0.703952 0.512882 18.5694 15.5999 38.4666 0.283053 
 
 





















Figure E.2: 87Sr/86Sr vs εNd compositions of a) Llaima magmas only and b) compared to mafic 
TSPC magmas. The Sr-Nd isotopic compositions of Llaima magmas form a relatively restricted 
field at higher εNd values but the same 87Sr/86Sr. Symbols for TSPC magmas are the same as 
those used throughout this work. For Llaima, three end-member groups (blue –fluid modified 
mantle, yellow – crustally contaminated, and purple – unidentified) are distinguished. Further 
distinctions are based on whether samples have been analyzed for U-series by Reubi et al., 2011 
or Cooper et al. (in prep.). 
 






















Figure E.3. 206Pb/204Pb vs 208Pb/204Pb compositions of a) Llaima magmas only and b) compared 
to mafic TSPC magmas. Symbols are the same as in Figure E.1. Pb isotopic compositions of 
Llaima magmas are relatively restricted compared to mafic TSPC magmas and generally overlap 
with the un-radiogenic end of the ‘prevalent TSPC mantle’-‘TE enriched’ trend. 
 






























Figure E.4: εNd vs εHf compositions of a) Llaima magmas only and b) compared to mafic TSPC 
magmas. Symbols are the same as in Figure E.1. The Nd-Hf isotopic compositions of Llaima 
magmas form a relatively restricted field, with little or no internal covariation, along the same 
trend as the TSPC albeit at higher values. 
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notably limited in more/less-incompatible element ratio enrichments (e.g., lower La/Yb and 
Ce/Y in Llaima magmas) compared to northern SVZ volcanic centers.  
E.3.2. Radiogenic isotopes 
New high precision Sr-Nd-Pb-Hf isotopic compositions of Llaima magmas (Table E.1) 
form extremely limited ranges in comparison to TSPC (Figs. E.2,3,4). For example, the 87Sr/86Sr 
(0.703941-0.704022) and Nd-isotopes (143Nd/144Nd= 0.512867-0.512916, εNd = 4.62-5.70) 
values of Llaima magmas are quite restricted relative to mafic magmas at the TSPC (87Sr/86Sr = 
0.703791-0.704110 and εNd = 1.39-3.78). It should be noted that Sr-Nd isotopic ratios compare 
exceptionally well with previously published data at Llaima and nearby volcanic centers (Hickey 
et al., 1986; Hildreth and Moorbath 1988; Hickey-Vargas et al., 1989; Reubi et al., 2011). Sr and 
Pb isotopic compositions of Llaima magmas (Figs. E.2,3) are intermediate to the end-members 
of TSPC and SVZ mafic magmas in general. Llaima magmas form a linear array in Pb isotopes 
that is virtually indistinguishable from ‘prevalent TSPC mantle’ magmas. The high Nd and Hf 
isotopes of Llaima magmas are, however, clearly distinct from TSPC and other northern SVZ 
magmas (Fig. E.4). The high εNd and εHf values at Llaima have typically been attributed to 
melts derived from the subduction modified SVZ mantle wedge, relatively unaffected by 
assimilation of felsic crustal material in the thin Longavi-Orsono segment of the arc (Hickey et 
al., 1986; Hildreth and Moorbath 1988). 
E.4. Discussion 
U-series disequilibria provides constraints on both the timescales of magmatic processes 
as well as the sources of geochemical fluxes to mantle melt regions in subduction zones (e.g., 
Turner et al., 2003). It is thought that 238U excesses over 230Th in arc magmas reflect recent 
aqueous fluid addition to the mantle wedge from the subducted slab (Allegre and Condomines 
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1982; Elliott et al., 1997; Turner et al., 1997), while 231Pa excesses over 235U are generated by 
partial melting (Bourdon et al., 1999) because of the differences in fluid solubilities and 
partitioning behaviors between these different elements. Recent studies have also shown that 
open system processes in the crust through which arc magmas ascend may also impact U-series 
disequilibria (e.g., Bourdon et al., 2000; Jicha et al., 2007). 
In a recent investigation, disequilibria between short-lived U-series radionuclides were 
used with trace element characteristics to delineate two source components in Llaima magmas 
(Reubi et al., 2011). They found that Llaima magmas followed remarkable linear arrays in U-
series isotopes (e.g., 230Th/238U vs 231Pa/235U; and 238U/232Th vs 230Th/232Th, Fig. E.5), pointing 
toward secular equilibrium. Reubi et al. (2011) noted that Llaima magmas displayed a negatively 
correlated linear array between 231Pa/235U and 230Th/238U ratios, which is opposite of what is 
expected from fluid induced melting. Aqueous fluid-induced melting should produce a positively 
correlated trend in which magmas have lower 231Pa/235U and 230Th/238U ratios with increased 
fluid addition and associated melting. The inverse relationship exhibited by Llaima U-series 
disequilibria precludes such a coupled fluid addition and partial melting mechanism. Instead, 
binary mixing between components with and without excesses in 231Pa and 238U was offered as 
an alternative explanation. One group of end-member magmas (i.e., LL07-61, DSLL9-3, 8LM-
203, 8LM-253; isotope data sown in Table E.1) anchors the high 231Pa/235U and 238U/232Th end of 
the U-series disequilibria trend and correlates with high Ba/Th and low Th/La ratios. These 
magmas probably reflect melts of the subduction modified SVZ mantle wedge enriched by slab-
derived fluids, similar to the ‘prevalent TSPC mantle’ magmas. Another group of end-member 
magmas (i.e., LL07-95, LL07-86, and 8LM-248), those pointing toward secular equilibrium 
(Figs. E.5,6) and correlating with high Th/Nb and low Ba/Th (Fig. E.7), represent incorporation
 







































Figure E.5: U-Th-Pa activity ratios for Llaima magmas. Plots modified from Reubi et al. (2011). 
a) 230Th/238U vs. 231Pa/235U and b) 238U/232Th vs. 230Th/232Th. Symbols are the same as in Figure 
E.1, with the addition of samples with U-series-only (orange circles). End-member groups 
identified by Reubi et al., 2011 form the two ends of the trend, consistent with their conclusions. 
Assimilation arrows indicate the impact of crustal contamination of Llaima magmas with SVZ 
granitoid basement crust. The compositions of crustal components were taken from Lucassen et 
al. (2004). The impact of radioactive decay is shown in as an arrow pointing toward the equiline. 
 









































Figure E.6: U-series correlation with 87Sr/86Sr. With the exception of the TGL9-8 parental 
magma (pre-historic coning forming lava), all other pre-historic and historic magmas follow the 
negative correlation between 238U/232Th and Sr isotopic ratios. Symbols are the same as in Figure 
E.1. End-member groups identified by Reubi et al., 2011 form the two ends of the trend, 
consistent with their conclusions. 
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of crustal contaminants residing in the sub-volcanic plutonic roots. Previous studies of U-series 
disequilibria in arc magmas have suggested that aged sediment melts can explain the secular 
equilibrium component (Elliott et al., 1997; Hickey-Vargas et al., 2002), but Reubi et al. (2011) 
argued that Chilean trench sediment melting and mixing compositions could not reproduce the 
isotopic and trace element compositions found in Llaima magmas.  
One of the most salient aspects of the Llaima dataset is that the new Sr isotopic 
compositions correlate with U-series disequilibria arrays as well as incompatible trace element 
ratios, despite the extremely restricted range in 87Sr/86Sr values. With the exception of a pre-
historic cone-forming parental magma (TGL9-8), all historic Llaima magmas fall on a negatively 
correlated linear array between Sr and U-series isotopes (Fig. E.6). This correlation is real 
because the difference between the highest and lowest 87Sr/86Sr values are outside of the level of 
measurement uncertainty (±10 x 10-6). Furthermore, Sr-isotopes of the subduction-modified 
source (light blue color) and crustal contamination components (yellow color) are consistent with 
expectations. For example, the subduction-modified source has low 87Sr/86Sr values and excesses 
in 231Pa and 238U, indicating a mantle fluxed by MORB-derived fluid (Fig. E.6), while the crustal 
component has slightly higher 87Sr/86Sr values along with near-equilibrium U-series isotopes, 
suggesting incorporation of variably aged plutonic roots. The Sr isotopes also correlate with fluid 
mobile/immobile element and fluid immobile/HFSE ratios (Fig. E.7), consistent with the U-
series – trace element correlations found by Reubi et al. (2011). Thus, the new Sr-isotopic data 
more-or-less confirms that generation of historic Llaima magmas follows a binary mixing 
process between a slab-fluxed mantle source and the assimilation of crustal components. 
We have also identified a third component containing systematically higher 143Nd/144Nd 
ratios and very depleted trace element compositions (Figs. E.1,8). ‘Depleted’ Llaima magmas
 



























Figure E.7: Sr isotope correlations with trace element ratios in Llaima magmas. Symbols are the 
same as in Figure E.1. The elevated 87Sr/86Sr values correlate with increasing Th/Nb, but 
decreasing Ba/Th in crustally contaminated magmas. High Ba/Th in magmas derived from the 
slab-modified source reflect aqueous fluid addition. 
 























Figure E.8: Nd isotope relationships with trace element ratios in Llaima magmas. Symbols are 
the same as in Figure E.1. 
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were previously unidentified because they appear to be volumetrically rare, and are only sampled 
in pre-Llaima (pre-Holocene) eruptions. No U-series data exist on these magmas since Reubi et 
al. (2011) have focused on historical Llaima eruptions. These ‘depleted’ end-member magmas 
(LL07-70D and LL07-70E) have the highest and most distinctive Nd isotopes (Fig. E.3,8) and 
the most depleted more/less-incompatible fluid-immobile trace element ratios (e.g., La/Yb ~2.5 
and Th/Yb ~0.4) in the SVZ. The depleted fluid-immobile nature of these magmas is 
accompanied by strong fluid-mobile enrichments (e.g., Ce/Pb ~1.5 and Sr/Nd ~ 60), similar to 
TSPC ‘low HFSE’ magmas. High Sr contents could arguably be attributed to plagioclase 
accumulation, which is evident by the slight positive Eu bump in Figure E.1 and the correlation 
between high Sr/Nd with high Al2O3 contents. However, plagioclase fractionation cannot 
account for the decrease Ce/Pb values or elevated Nd isotopes relative to the majority of Llaima 
magmas. We do not yet have an explanation for these magmas. 
 
 
Appendix F: Isotopic results  
F.1. Table of Sr-Nd-Pb-Hf isotopic results  
Sample Sequence 87Sr/86Sr 143Nd/144Nd εNd 176Hf/177Hf εHf 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 
SPNE6.5 San Pedro 0.704008±9 (2) 0.512787±15 3.06 0.282958±10 6.12 18.6035±13 15.6059±13 38.5039±34 
SPNE.1 San Pedro 0.703903±9 (2) 0.512808±15 3.48 0.282986±5 (2) 7.12 18.6153±13 15.6056±13 38.5029±32 
EMU3.15 U-TAT 0.703920±10 0.512801±11 3.33 0.282981±12 6.93 18.6194±58 15.5965±60 38.4982±159 
EMU3.26 U-TAT 0.703822±6 (2) 0.512796±8 (2) 3.24 0.282977±7 (2) 6.79 18.6192±10 15.5973±9 38.4701±24 
EMU3.27 U-TAT 0.703835±6 (3) 0.512800±11 (2) 3.32 0.282975±6 (3) 6.71 18.6213±10 15.5997±9 38.4783±24 
EPW6.3 U-TAT 0.703974±8 0.512802±15 3.36 0.282988±13 7.18 18.6108±57 15.6042±55 38.4993±156 
ESPW4.8 U-TAT 0.704012±7 (2) 0.512791±15 3.14 0.282994±12 7.38 18.5913±57 15.6043±55 38.4803±156 
UEP7.12 U-TAT 0.703889±9 0.512794±15 3.21 0.283005±8 7.77 18.6236±40 (2) 15.6088±48 (2) 38.5111±118 (2) 
UEP7.9 U-TAT 0.704033±8 0.512773±15 2.79 0.282991±15 7.27 18.5952±38 15.6052±47 38.4961±141 
EPW6.10 U-TAT 0.703977±9 (2) 0.512809±11 (2) 3.50 0.282987±6 7.15 18.6208±13 15.6064±13 38.5161±32 
TR.6 U-TAT 0.703839±6 (2) 0.512795±10 3.21 0.282970±10 6.55 18.6220±13 15.6006±13 38.4828±34 
EMU3.28 U-TAT 0.703831±9 0.512803±7 3.38 0.282966±7 (2) 6.40 18.6199±13 15.5981±13 38.4721±34 
ESPE1.35 U-TAT 0.704010±8 (2) 0.512798±9 3.27 0.282997±9 7.49 18.5856±11 15.6038±10 38.4842±29 
CWF01.3 L-TAT 0.704040±8 0.512755±15 2.44 0.282974±13 6.68 18.5980±11 15.6033±10 38.4970±29 
EMU1.1 L-TAT 0.704067±8 0.512754±13 2.42 0.282962±12 6.26 18.5879±11 15.6074±10 38.4943±29 
EMU1.2 L-TAT 0.704060±6 (3) 0.512770±6 (3) 2.73 0.282955±9 (2) 6.02 18.5698±13 15.6059±13 38.4751±32 
EMU3.1 L-TAT 0.703988±6 (3) 0.512803±7 (2) 3.38 0.282989±8 (2) 7.20 18.5692±7 (2) 15.5991±7 (2) 38.4599±19 (2) 
EMU4.2 L-TAT 0.703910±8 (2) 0.512754±15 2.42 0.282982±13 6.95 18.6100±11 15.6045±10 38.4847±29 
EMU4.7 L-TAT 0.703978±5 (3) 0.512807±9 (2) 3.45 0.282994±7 (2) 7.40 18.5706±7 (2) 15.6008±7 (2) 38.4658±19 (2) 
ESPE1.1 L-TAT 0.704009±6 (3) 0.512779±6 (2) 2.91 0.282973±7 (2) 6.65 18.6004±7 (2) 15.6043±7 (2) 38.4974±19 (2) 
ESPE1.4 L-TAT 0.704004±8 (2) 0.512772±13 2.77 0.282983±13 7.01 18.6010±40 (2) 15.6042±48 (2) 38.5015±118 (2) 
ESPE2.2 L-TAT 0.704006±9 0.512777±13 2.86 0.282965±13 6.37 18.5982±38 15.6062±47 38.4995±141 
ESPW3.2 L-TAT 0.703989±6 (2) 0.512803±7 (2) 3.37 0.282988±8 (2) 7.18 18.5889±7 (2) 15.6044±7 (2) 38.4881±19 (2) 
QTW12.32 L-TAT 0.704071±6 (3) 0.512752±7 (3) 2.38 0.282928±11 (2) 5.07 18.6228±10 15.6049±9 38.5105±24 
ESPE1.17 L-TAT 0.703980±7 (2) 0.512805±9 3.42 0.282982±6 6.97 18.5663±13 15.5987±13 38.4569±32 
ESPW3.3 L-TAT 0.704082±7 (2) 0.512742±14 2.18 0.282918±11 4.71 18.5812±13 15.6077±13 38.4855±32 
ESPW2.9 L-TAT 0.703975±9 0.512807±10 3.46 0.282992±7 (2) 7.31 18.5717±8 (2) 15.6014±8 (2) 38.4682±22 (2) 
ArribaQT-5 L-TAT 0.704039±9 0.512799±7 3.30 0.282992±11 7.31 18.5713±13 15.6022±13 38.4720±34 
BP.4 L-TAT 0.704007±9 0.512801±7 3.33 0.282992±6 (2) 7.31 18.5716±8 (2) 15.6025±8 (2) 38.4718±21 (2) 




Gua.14 Guadal 0.704000±9 (2) 0.512812±15 3.55 0.282985±10 7.07 18.5957±13 15.6047±13 38.4986±34 
GUA.12 Guadal 0.704018±6 (2) 0.512785±7 3.02 0.282974±6 (2) 6.68 18.6026±8 (2) 15.6070±8 (2) 38.5071±21 (2) 
GUA.20 Guadal 0.704028±9 0.512791±7 3.14 0.282980±5 (2) 6.89 18.5974±13 15.6063±13 38.5049±34 
EML.18 UEMS 0.703997±6 (2) 0.512809±11 3.50 0.282980±12 6.89 18.5986±11 15.6058±10 38.5008±29 
EML13.01 UEMS 0.704021±10 0.512773±13 2.79 0.282983±10 7.02 18.5963±55 15.6027±59 38.4911±148 
EML.22B UEMS 0.703986±8 0.512818±13 3.67 0.282991±13 7.28 18.5997±11 15.6054±10 38.5009±29 
EML7.1 UEMS 0.704074±7 (2) 0.512779±13 2.90 0.282978±10 6.83 18.6303±57 15.6093±55 38.5392±156 
QCNE.8 UEMS 0.704009±10 0.512792±11 3.16 0.282967±12 6.45 18.5998±58 15.6036±60 38.4980±159 
QTW10.14 UEMS 0.704129±6 (2) 0.512771±7 (2) 2.76 0.282962±5 (2) 6.26 18.6191±10 15.6089±9 38.5299±24 
QTW10.17 UEMS 0.704044±6 (2) 0.512750±15 2.34 0.282986±15 7.10 18.6017±46 15.6101±39 38.5156±112 
EML.10 UEMS 0.704013±11 0.512781±9 2.95 0.282970±9 6.55 18.6014±11 15.6060±10 38.5034±29 
EML.15 LV-UEMS 0.704104±6 (2) 0.512730±7 1.95 0.282921±5 (3) 4.82 18.6043±13 15.6087±13 38.5139±34 
EML.8 LV-UEMS 0.704107±10 0.512788±11 3.09 0.282979±12 6.85 18.6172±41 (2) 15.6078±43 (2) 38.5240±112 (2) 
EML.7 LV-UEMS 0.704026±8 (2) 0.512767±13 2.68 0.282942±12 5.56 18.5906±11 15.6045±10 38.4837±29 
ESPN.2 LV-UEMS 0.704042±8 0.512782±9 (2) 2.96 0.282975±9 (2) 6.70 18.5984±56 15.6081±68 38.5089±167 
LV.4 LV-UEMS 0.704091±7 (2) 0.512773±14 2.78 0.282963±8 (2) 6.28 18.6084±13 15.6056±13 38.5003±32 
QTW12.14 LEMS 0.703922±8 0.512783±15 2.98 0.283004±10 7.73 18.6171±63 15.6035±45 38.5047±160 
EML.2 LEMS 0.703931±11 0.512784±9 3.01 0.282980±9 6.89 18.6098±11 15.6061±10 38.5068±29 
LV.2 MEMS 0.703938±9 0.512793±11 3.17 0.282979±12 6.87 18.6060±58 15.6074±60 38.5047±159 
QC01.1 MEMS 0.703965±8 0.512764±15 2.62 0.282960±13 6.19 18.5869±11 15.6036±10 38.4817±29 
QC01.7 MEMS 0.703907±8 0.512791±13 3.14 0.282992±10 7.33 18.6146±46 15.5979±39 38.4678±112 
QC98.1 MEMS 0.704035±8 0.512764±15 2.61 0.282963±10 6.30 18.5919±11 15.6038±10 38.4908±29 
QTW12.22 MEMS 0.704027±6 (3) 0.512800±11 (2) 3.32 0.282986±8 (2) 7.12 18.5905±8 (2) 15.6038±8 (2) 38.4885±22 (2) 
QTW12.24 MEMS 0.703891±6 (3) 0.512797±9 (2) 3.25 0.282982±6 (2) 6.98 18.6162±11 15.5985±10 38.4660±29 
QTW14.9 MEMS 0.703885±5 (3) 0.512813±11 (2) 3.57 0.282979±13 (2) 6.85 18.6150±13 15.5979±13 38.4629±32 
QCNE.1A MEMS 0.704090±11 0.512748±9 2.31 0.282928±10 5.06 18.5995±13 15.6069±13 38.5022±32 
MEMSDU-
1 MEMS 0.703950±9 0.512799±10 3.30 0.282974±11 6.70 18.5970±13 15.6022±13 38.4858±34 
QC01.3 MEMS 0.704049±9 0.512783±7 2.98 0.282963±10 6.29 18.5935±13 15.6055±13 38.4967±34 
QTW12.25 MEMS 0.703915±9 0.512822±10 3.75 0.283005±11 7.77 18.5939±13 15.6034±13 38.4934±34 
QCNE.1 MEMS 0.703933±7 (3) 0.512824±5 (3) 3.79 0.283001±5 (3) 7.64 18.5944±7 (2) 15.5999±7 (2) 38.4829±17 (2) 
03QC.16 MEMS 0.704092±8 (2) 0.512730±9 1.95 0.282933±9 5.25 18.6021±9 15.6090±8 38.5082±19 
03QC.2 MEMS 0.703912±7 (3) 0.512790±5 (2) 3.11 0.282991±9 7.27 18.6175±7 (2) 15.6004±6 (2) 38.4776±17 (2) 
03QC.12 MEMS 0.704063±11 0.512772±9 2.78 0.282971±9 6.59 18.5931±8 (2) 15.6043±7 (2) 38.4941±21 (2) 
QC01.8-2 MEMS 0.704054±8 (2) 0.512780±9 2.92 0.282971±6 (2) 6.58 18.5945±11 15.6040±10 38.4942±29 
QCNE.14 U-UPSPS 0.703929±7 (3) 0.512762±9 (2) 2.58 0.282945±10 5.67 18.6115±7 (2) 15.6025±7 (2) 38.4830±17 (2) 
LV.21 U-UPSPS 0.703911±8 (2) 0.512782±9 (2) 2.96 0.282959±10 6.17 18.6122±10 15.6035±9 38.4873±24 
QTW10.39 U-UPSPS 0.703922±11 0.512771±9 (2) 2.75 0.282951±7 (2) 5.87 18.6114±10 15.6049±9 38.4920±24 




ESPN.10 U-UPSPS 0.703825±7 (2) 0.512806±15 3.43 0.282965±6 6.35 18.6105±13 15.6037±13 38.4894±34 
QCNE.15 U-UPSPS 0.703904±9 0.512778±7 2.89 0.282965±11 6.37 18.6128±13 15.6044±13 38.4884±34 
QCSE.13 U-UPSPS 0.703951±9 0.512767±5 (2) 2.67 0.282942±11 5.56 18.6223±13 15.6042±13 38.4889±34 
LV.17c U-UPSPS 0.703847±8 (2) 0.512781±8 2.96 0.282968±6 (2) 6.46 18.6102±10 15.6039±10 38.4905±24 
QCNE.13 U-UPSPS 0.704054±8 (2) 0.512753±10 2.39 0.282927±6 (2) 5.01 18.6110±10 15.6058±10 38.4988±24 
LV.17 L-UPSPS 0.704051±11 0.512768±16 2.68 0.282930±5 (3) 5.14 18.6109±10 15.6059±9 38.5005±24 
QTW11.35 L-UPSPS 0.704056±13 0.512754±11 (2) 2.41 0.282928±8 5.07 18.6178±10 15.6036±9 38.4900±24 
QTW11.36 L-UPSPS 0.704055±13 0.512757±15 2.48 0.282933±11 5.23 18.6176±10 15.6029±9 38.4888±24 
QTW11.34 L-UPSPS 0.704064±11 0.512750±8 2.35 0.282927±9 5.03 18.6239±10 15.6060±10 38.5099±24 
ESPN.6 L-UPSPS 0.704078±11 0.512745±6 (2) 2.24 0.282934±9 5.26 18.6261±10 15.6086±10 38.5222±24 
QTW10.2 LQTS 0.704127±7 (3) 0.512743±16 2.20 0.282949±5 (2) 5.78 18.6101±13 15.6100±13 38.5227±34 
QTW10.5 LQTS 0.704094±9 0.512769±7 2.71 0.282976±7 (2) 6.75 18.6110±13 15.6070±13 38.5170±34 
QTPUM LL-RHY 0.704221±9 0.512763±7 2.60 0.282974±5 (2) 6.69 18.6151±13 15.6085±13 38.5279±34 
CLL.33B MunozDac 0.704109±6 (2) 0.512777±7 2.88 0.282968±7 (2) 6.48 18.6143±13 15.6089±13 38.5283±34 
QTWN.6 Munoz 0.704034±11 0.512804±9 3.40 0.282991±9 7.29 18.5899±8 (2) 15.6024±7 (2) 38.4896±21 (2) 
LL07.95 Llaima 0.703983±7 (2) 0.512875±7 (2) 4.78 0.283063±7 (2) 9.84 18.5759±13 15.6037±13 38.4815±34 
LL07.31 Llaima 0.703953±9 0.512892±7 (2) 5.12 0.283069±5 (2) 10.04 18.5756±13 15.6030±13 38.4789±32 
8LM.208 Llaima 0.703943±9 0.512884±15 4.96 0.283059±11 9.68 18.5754±13 15.6023±13 38.4752±34 
8LM.385 Llaima 0.703965±9 0.512878±15 4.84 0.283067±6 9.97 18.5749±13 15.6030±13 38.4794±32 
LL07.74c Llaima 0.703976±9 0.512874±14 4.77 0.283079±5 (2) 10.38 18.5765±13 15.6038±13 38.4809±32 
LL07.61 Llaima 0.703959±9 0.512881±7 (2) 4.89 0.283078±7 (2) 10.36 18.5737±13 15.5993±13 38.4671±34 
LL07.33 Llaima 0.703962±9 0.512891±14 5.09 0.283059±18 9.69 18.5768±13 15.6030±13 38.4793±34 
BDM7.16L Llaima 0.703984±9 0.512886±11 (2) 5.00 0.283068±8 (2) 10.01 18.5753±9 15.6019±9 38.4760±27 
8LM.253 Llaima 0.703949±6 (2) 0.512874±6 4.76 0.283066±11 9.92 18.5737±9 15.6017±9 38.4745±27 
TGL9.8 Llaima 0.704026±6 (2) 0.512870±11 4.67 0.283060±11 9.72 18.5855±9 15.6045±9 38.4932±27 
DSLL9.3 Llaima 0.703959±9 0.512878±11 4.83 0.283061±8 (2) 9.77 18.5700±9 15.6026±9 38.4719±27 
8LM.213 Llaima 0.703965±6 (2) 0.512889±11 5.04 0.283071±11 10.11 18.3738±7 (2) 15.5891±7 (2) 38.2565±20 (2) 
LL07.70E Llaima 0.703964±9 0.512916±6 (2) 5.58 0.283082±11 10.51 18.5755±9 15.6036±9 38.4794±27 
LL07.86 Llaima 0.704002±9 0.512867±6 (2) 4.62 0.283062±11 9.79 18.5888±9 15.6053±9 38.4959±27 
LL07.70D Llaima 0.703979±9 0.512916±5 (3) 5.59 0.283083±7 (2) 10.55 18.5761±9 15.6023±9 38.4786±27 
8LM.515 Llaima 0.703965±9 0.512883±5 (3) 4.93 0.283069±11 10.05 18.5790±6 (2) 15.6042±7 (2) 38.4844±19 (2) 
8LM.217 Llaima 0.703948±9 0.512883±11 4.94 0.283060±9 9.73 18.5748±9 15.6019±9 38.4753±27 
LL07.64 Llaima 0.703963±6 (2) 0.512881±11 4.89 0.283061±9 9.76 18.5700±9 15.5996±9 38.4639±27 
LL07.44 Llaima 0.703940±6 (2) 0.512886±7 5.00 0.283062±8 (2) 9.79 18.5745±9 15.6024±9 38.4768±27 
8LM.282 Llaima 0.703946±9 0.512872±6 (2) 4.72 0.283055±6 (2) 9.55 18.5791±9 15.6031±9 38.4801±27 
LL07.66 Llaima 0.703952±9 0.512882±11 4.91 0.283053±9 9.49 18.5694±9 15.5999±9 38.4666±27 
8LM.386 Llaima 0.703971±9 0.512872±11 4.72 0.283077±9 10.34 18.5735±9 15.6016±9 38.4734±27 
8LM.248 Llaima 0.703984±6 (2) 0.512872±6 (2) 4.71 0.283064±11 9.87 18.5740±6 (2) 15.6019±7 (2) 38.4764±19 (2) 




BDM7.20B Llaima 0.703975±11 0.512870±5 (2) 4.68 0.283069±6 (2) 10.03 18.5726±10 15.6028±10 38.4744±24 
LL07.76 Llaima 0.703968±8 (2) 0.512875±8 4.78 0.283071±9 10.10 18.5757±10 15.6032±10 38.4786±24 
LQY-22 Lonquimay 0.703939±11 0.512879±6 (2) 4.86 0.283074±6 (2) 10.23 18.6060±6 (2) 15.6055±6 (2) 38.5061±15 (2) 
DARE-12 Lonquimay 0.703931±11 0.512870±8 4.67 0.283072±6 (2) 10.14 18.6061±7 (2) 15.6044±7 (2) 38.5015±17 (2) 
 
*Table of isotopic results from this thesis work. Values represent averages of duplicate analyses and the associated external 
reproducibility of each value. The number of duplicates of each sample that were analyzed are marked in parentheses. Duplicate 
analyses may include multiple filament runs, different sample loaded filaments, multiple runs of the same purified solution, and/or 
completely different dissolutions and chemical processing of the same sample powder. External reproducibilities are 2 sigma standard 
deviations multiplied by 106 for 87Sr/86Sr, 143Nd/144Nd, and 176Hf/177Hf and 104 for 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb. εNd and 
εHf values are calculated from CHUR estimates (Nd = 0.512630 and Hf = 0.282785) of Bouvier et al., 2008. 
 







 I was born in Grosse Point, Michigan (a suburb of Detroit) to Mary Jane Toth and Sabah 
Jweda on March 7th, 1982. Like many mid-western children of the 1980s, my parents were 
working poor who had neither graduated from nor attended a four-year college. In fact, my father 
did not even have the equivalency of a high school diploma. My mother filed for divorce in 1986 
after a short but troubled marriage. For six subsequent years, she raised me on her own. We had 
so little money that we ended up living with my grandparents for a few of those early years. In 
October of 1992, my life took a significant turn for the better when my mother re-married the 
man I now consider my father. Nevertheless, I realized early on that I would have to work hard 
and obtain a college degree in order to succeed in life. Education was the key to success. 
I graduated Summa Cum Laude from Warren Mott High School at the turn of century. 
After high school, I was offered a Presidential Scholarship for both Academics and Athletics 
(Varsity Swimming) at Wayne State University in downtown Detroit, Michigan. I started at 
WSU with the intention of becoming a medical doctor, but quickly realized after my first year 
that the medical field was not a good fit for me. I took a Physical Geology course in my second 
year and greatly enjoyed the subject. Eventually, after talking to faculty and learning about 
career opportunities in the various Geoscience fields, I decided to major in Geology. During my 
tenure at WSU, I took advantage of all of the opportunities I was given and worked hard in both 
my athletic and academic endeavors. In return for that hard work, I had the pleasure of taking 
fascinating courses, working with great scientists on interesting projects, helping the swim team 
win two division championships, and teaching college level courses as a Master’s level student. I 
graduated with a Bachelor of Science in Geology in August 2004 and I started my Master’s 




 For my Master’s degree, I worked with Dr. Mark Baskaran to investigate the fate and 
transport of contaminants in the Clinton River-Lake St. Clair riverine-lacustrine system using a 
suite of particle-reactive short-lived radionuclides. The work resulted in two first author 
publications and co-authorship in at least one other publication. Along the way, I got to 
participate on field projects in south Florida (studying Arsenic in groundwater) and Azerbaijan 
(mud volcanoes and submarine groundwater discharge in the Caspian Sea). On Friday, June 29th, 
2007, I successfully defended my Master’s thesis and completed the requirements of the degree.  
I continued my education and research interests (using isotope geochemistry) by starting 
a doctoral project with Dr. Steve Goldstein in the Department of Earth and Environmental 
Sciences (Lamont-Doherty Earth Observatory) at Columbia University in the City of New York. 
During the course of my Ph. D. work I met the love of my life, Kristin Kalish, who I proposed to 
on June 23rd, 2013, a few months before wrapping up my dissertation. I successfully defended 
my dissertation in front of a lively and all-star committee on Thursday, September 5th, 2013. 
After finishing my Ph. D. work, Kristin and I decided to move to Houston, TX where I 
took an organic geochemistry position at ConocoPhillips Oil and Gas company. It was a difficult 
choice to leave science and to leave the northeast after spending virtually my entire life there. 
Currently, I am working on organic geochemical and isotopic properties in the Eagle Ford shale 
of play of southeast Texas trying to understand source rock quality and drainage volumes from 
hydraulic fracturing. Ultimately, I hope to return to scientific research at the academic level and 
to teach curious minds about the subjects I have so passionately pursued over the last decade. 
